Na osnovi pametnega telefona zasnovan sistem za rehabilitacijo zgornjih udov pacientov po možganski kapi by ČUVAN, PRIMOŽ
Univerza v Ljubljani 
Fakulteta za elektrotehniko 
Primo  uvan 
NA OSNOVI PAMETNEGA 
TELEFONA ZASNOVAN SISTEM ZA 
REHABILITACIJO ZGORNJIH 
UDOV PACIENTOV PO 
MO GANSKI KAPI 
 
Magistrsko delo  
 
Magistrski tudijski program druge stopnje Elektrotehnika 
 
Mentor: prof. dr. Matja  Mihelj                                                    













University of Ljubljana 
Faculty of Electrical Engineering 
Primo  uvan 
SMARTPHONE-BASED UPPER 
LIMB REHABILITATION SYSTEM 




Mentor: prof. dr. Matja  Mihelj 
























































I would like to thank both of m  mentors, prof. dr. Matja  Mihelj and Univ. Prof. 
Dipl.-Ing. Dr. techn. Margit Gf hler, for their help, support and countless mails and 
Skype meetings. They were the best mentors a student could hope for or even imagine. 
A special thanks to dr. Ana Gole , dr. med. who made it possible to see the results and 
how the system works for patients in a hospital.  
Thank you to my parents and extended family for supporting me during my studies and 
helping me in any way possible. 













Letno do ivi mo gansko kap in trpi zaradi njenih posledic ve  milijonov ljudi [1], [2]. 
Kap je namre  glavni vzrok invalidnosti odraslih in drugi ali tretji najpogostej i vzrok 
smrti na svetu. Do mo ganske kapi pride, ko je pretok krvi do mo ganov prekinjen 
[3]. e mo gani ne dobijo dovolj krvi in kisika, pride do smrti mo ganskih celic [4]. 
Posledice so lahko nepopravljive in mo no vplivajo na kakovost ivljenja. Ljudje po 
kapi utijo kognitivne, ustvene in fizi ne posledice [5]. Nekatere izmed njih so izguba 
spomina, depresija, te ave s sledenjem navodilom, te ave z vidom in mnoge druge. 
Statisti ni dokazi pri ajo, da se je le polovica ljudi po kapi sposobna vrniti na delo, saj 
so za ostale posledice prehude [6]. 
 
Eden izmed naju inkovitej ih ukrepov po kapi je rehabilitacija pacientov. Pri 
tem je pomembno dobro zastaviti trajanje posamezne terapije in njihovo pogostost [5]. 
Na trgu so e dostopne mnoge re itve, ki so namenjene ljudem po kapi. Nekatere izmed 
teh so preproste miselne igre za trening spomina, obstajajo pa tudi kompleksne 
robotske naprave, ki omogo ajo premikanje okon in pacienta. Ve ina naprav, ki so 
prisotne v rehabilitacijskih centrih, ni dostopnih bolnikom za uporabo v doma em 
okolju. Zaradi tega so se pojavile cenovno dostopnej e re itve, kot so uporaba virtualne 
resni nosti, raznih video iger, pametnih telefonov in e mnogo drugih. Za 
komuniciranje z zdravnikom na daljavo je koristna tudi telerehabilitacija, ki zmanj a 
stro ke, hkrati pa omogo a posvete s terapevtom od doma [28]. Spremljanje 
pacientovih gibov med rehabilitacijo je klju nega pomena [29]. To informacijo 
fizioterapevti uporabijo, da prilagodijo in zadostijo vsem sedanjim ter prihodnjim 
potrebam pacienta v procesu rehabilitacije. Tovrstni obstoje i sistemi za merjenje 
gibov, ki hkrati omogo ajo rehabilitacijo okon in, so na primer Armeo Spring in 
Armeo Senso (Hocoma, vica), Bimeo Pro (Kinestica, Slovenija) ter Lokomat 
(Hocoma, vica). Vsi ti sistemi pa imajo eno skupno te avo  niso dostopni ve ini 
pacientov. V asu pandemije COVID-19 je dostop do rehabilitacijskih centrov pri el 
e bolj do izraza. Zelo dobrodo el bi bil sistem, ki bi ga lahko pacienti uporabili v 
svojem domu. V primeru izvedbe rehabilitacije doma bi tudi komunikacija s 
fizioterapevtom pripomogla k samemu procesu. Zaradi tega smo razvili sistem za 
rehabilitacijo zgornjih okon in, ki temelji na pametnem telefonu. Naredili smo 
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aplikacijo, ki omogo a sledenje gibov, celotni sistem ocenili z robotskimi meritvami 
in izvedli tudijo ustreznosti sistema z zdravimi ljudmi ter pacienti. 
 
Raziskave ka ejo, da imajo lahko rehabilitacijski sistemi za doma o uporabo 
enake rezultate kot konvencionalne terapije, ki jih izvajajo rehabilitacijski centri in 
bolni nice [28]. Klju na pomanjkljivost pri rehabilitaciji doma pa je pomanjkanje 
strokovnega medicinskega nadzora nad izvajanjem vaj. Zaradi tega je izjemno 
pomembno, da smo pri snovanju sistema za rehabilitacijo v doma em okolju pozorni 
na primernost sistema, saj gre navadno za prostorske in cenovne omejitve [34]. 
 
Pri ujo a magistrska naloga se osredoto a na rehabilitacijo zgornjih okon in po 
kapi. Obstoje i sistemi za rehabilitacijo niso dostopni ve ini pacientom po kapi ali pa 
celo niso primerni za izvedbo terapij v njihovem doma em okolju. V tem smo zaznali 
te avo in opazili prilo nost. Na trgu bi bil zelo dobrodo el sistem, ki bi bil hkrati 
natan en in zmogljiv ter cenovno dostopen za uporabo v pacientovem doma em 
okolju. Ker ima danes prakti no e vsak pacient pametni telefon, smo izkoristili 
njegove skrite prednosti in razvili aplikacijo, preko katere bodo pacienti lahko po 
koncu obiska v bolni nici rehabilitacijo nadaljevali doma. Vsak telefon ima vgrajen 
skupek inercialnih senzorjev, ki omogo ajo pridobivanje informacije o njegovi legi. 
Primera senzorjev sta iroskop in pospe kometer. Poleg omenjenih inercialnih 
senzorjev ima telefon e pomemben zunanji senzor, ki ga uporabniki dnevno 
uporabljajo, to je kamera. Z napredkom na podro ju strojnega vida je prepoznavanje 
okolice na podlagi slik postalo zelo zanesljivo. Z zdru evanjem informacij inercialnih 
senzorjev in podatkov iz kamere lahko natan nej e dolo imo lego telefona v prostoru. 
e pametni telefon pritrdimo na ro aj, ki omogo a la ji oprijem, in celoten sistem 
postavimo na povr ino (sliko), ki slu i kot referenca za sistem sledenja gibov, dobimo 
rehabilitacijski pripomo ek, ki ga lahko pacienti po kapi uporabljajo v doma em 
okolju, kot je razvidno na sliki 1.  
 
Razvoj aplikacije je bil izveden v programskem okolju Xcode (za naprave iOS) 
z uporabo knji nice ARKit, ki omogo a izdelavo aplikacij za virtualno resni nost. 
Tovrstne aplikacije s pomo jo telefona in vgrajene kamere omogo ajo predstavitve 
virtualnih predmetov v resni nem okolju. Glavni tehnolo ki izziv pri izvedbi teh 
aplikacij je poznavanje okolja, v katerem telefon deluje. Metode in algoritmi za ta 
proces uporabljajo kombinacijo pridobljenih informacij iz inercialnih senzorjev in 
kamere.   
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Slika 1: Inercialni senzorji in kamera so sestavni del vsakega pametnega telefona. Za 
bolj i oprijem je predstavljeno dr alo z magnetnim nastavkom. Za namene sledenja 
gibov je treba uporabiti referen no povr ino (v na em primeru plakat), ki pa lahko 
slu i tudi kot dodatna motivacija pacientu, e so na povr ini predstavljene slike oseb, 
ki so pacientu blizu (dru inske fotografije). e telefon pritrdimo na magnetni nastavek 
in celotni sistem postavimo na plakat, dobimo zelo dostopen rehabilitacijski sistem, ki 
ga lahko pacienti uporabljajo v doma em okolju. 
 
 
Delovanje sistema poteka tako, da se ob zagonu aplikacije inicializira globalni 
koordinatni sistem. Informacija o legi tega koordinatnega sistema omogo a merjenje 
relativne pozicije in orientacije telefona v 3D-prostoru. Zaradi naklju ne inicializacije 
globalnega koordinatnega sistema ob vsakem ponovnem zagonu aplikacije je treba 
poskrbeti, da bo med izvedbo rehabilitacijskih vaj globalni koordinatni sistem vedno 
na enakem mestu. Postopek izvr imo z referen no sliko na plakatu, ki jo mora telefon 
zaznati. Na podlagi informacije o lokaciji te slike aplikacija prestavi globalni 
koordinatni sistem na njeno mesto. S tem pristopom smo omogo ili merjenje lokacije 
telefona glede na to ko, ki je na plakatu. Ta relacija med telefonom in sliko se 
uporablja za namene sledenja telefona v 3D-prostoru ter je podana v obliki homogene 
matrike, ki vsebuje komponente pozicije in orientacije telefona v 3D-prostoru. 
Informacija se posodablja 60-krat v sekundi. Uporaba plakata s slikami je nujno 
potrebna za namene sledenja premikov telefona, ker se algoritmi v najve ji meri 
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zana ajo na informacijo, pridobljeno iz kamere. Sledenje gibov telefona temelji na 
prepoznavanju zna ilnih to k in obmo ij. Zaradi tega mora biti slika, pridobljena iz 
kamere, im bolj raznolika in barvita. Ta pogoj smo re ili z vpeljavo plakata s slikami 
pacientovih bli njih. 
 
Med razvojem sistema in pred njegovo uporabo je klju nega pomena poznavanje 
njegovih zmogljivosti ter omejitev. Za ovrednotenje delovanja sistema so bile narejene 
meritve z robotom. Telefon smo namestili na robotsko roko s 3D-natiskanim 
modelom, vse podatke pa smo sproti shranjevali na ra unalnik. Izvedenih je bilo ve  
razli nih meritev. Preverili smo, kako natan no sistem dolo a svojo pozicijo, ko je v 
mirnem stanju, in ugotovili, da so bile vse meritve znotraj kroga z radijem 0,21 mm. 
Naslednje meritve so bile enostavni linearni gibi, dolgi 160 mm. Opravili smo tri 
tovrstne meritve, vsako z razli no kombinacijo parametrov hitrosti (120 mm/s in 
150 mm/s) in nagiba telefona (0 stopinj in 30 stopinj). Rezultati so pokazali, da so bile 
vse tri meritve opravljene znotraj napake  0,33 mm. Za primerjavo je imela pozicija 
robota napako  0,07 mm. Zanimalo nas je e, kako se bo merjenje pozicije telefona 
izvedlo v primeru zahtevnej ih gibov v obliki pravokotnika. Ker smo ponovili tri gibe 
z enakimi parametri (hitrost, nagib telefona in trajektorija), smo lahko izra unali 
ponovljivost, ki je bila 2,7 mm, in to nost, ki je bila 1,3 mm. Sistem za sledenje gibov 
Optotrak Certus, ki se uporablja zgolj v laboratorijih in za razne raziskave, ima to nost 
0,1 mm. Opravljene meritve so pokazale ustreznost predlaganega sistema za namene 
rehabilitacije. Prav tako pa je na  sistem primerljiv s tistimi, ki jih lahko najdemo le v 
laboratorijih. 
  
Ob ustvarjanju vaj za rehabilitacijo zgornjih okon in je na za etku pomembno 
dolo iti, za kateri del roke bo vaja namenjena. Nato je treba dolo iti njen cilj. Vaje za 
rehabilitacijo morajo biti ponovljive, zahtevne in zabavne ter narejene tako, da 
izzovejo uporabnika in s tem pospe ijo ter izbolj ajo proces rehabilitacije. V sklopu 
magistrske naloge smo razvili tiri vaje, ki omogo ajo rehabilitacijo tako posameznih 
sklepov roke (zapestje in komolec) kot tudi kombinacijo vseh (zapestje, komolec in 
1.1 Stroke, types of stroke and how it occurs 5 
 
ramenski obro ). Prvi dve vaji, imenovani Wrist Flexion1 in Fall In,2 sta namenjeni 
rehabilitaciji zapestja in uporabljata le vgrajene merilne sisteme za zaznavanje nagibov 
telefona. Cilj teh dveh vaj je z ustreznim nagibom telefona dose i tar o. Tretja vaja, 
Catch the Butterfly,3 je namenjena rehabilitaciji komolca in ravno tako uporablja le 
inercialne merilne sisteme telefona. Pri tej vaji se mora uporabnik usesti za mizo in 
nanjo polo iti roko. Ob primernem trenutku pokr i roko, da v mre o ujame metulja, s 
imer razgibava komolec. Najte ja vaja za izvedbo, Reach to the Yellow Target,4 
uporablja kombinacijo kamere in inercialnega merilnega sistema za sledenje gibov 
(slika 2). Ta vaja potrebuje nekoliko ve  pripravljalnih korakov kot prej nje tri. 
Uporabnik mora sesti za mizo, predse postaviti plakat, ki slu i kot referenca za 
zaznavanje gibanja telefona, in z obema rokama prijeti sistem za njegovo dr alo. 
Najprej izmed vseh predstavljenih vaj izbere Reach to the Yellow Target. Nato se 
pojavi zaslon s slikovnimi navodili uporabe dr ala in izvedbe vaje. Ko uporabnik 
pregleda in prebere navodila, mora nastaviti as trajanja vaje ter velikost obmo ja, 
znotraj katerega bo premikal sistem. Ve je, kot je nastavljeno obmo je premikanja, 
ve ji doseg gibov mora imeti uporabnik. V prvem koraku se mora telefon spoznati z 
okoljem. To uporabnik izvede z naklju nimi premiki sistema po plakatu. V naslednjem 
koraku je treba s kamero telefona najti referen no sliko z namenom inicializacije 
globalnega koordinatnega sistema na povr ini plakata. V zadnjem koraku mora 
uporabnik premakniti sistem k novo inicializiranemu koordinatnemu sistemu tako 
blizu, da se na zaslonu pojavi modra ikona. Po tem koraku uporabnik za ne z vajo, 
katere cilj je dose i im ve  tar  v prej dolo enem asovnem intervalu. Premikanje 
modre ikone uporabnik dose e z gibi celotnega sistema po plakatu. Princip premikanja 
predstavljenega sistema je enak premikanju ra unalni ke mi ke in njenega kazalca po 










1 Slovensko: upogib zapestja. 
2 Slovensko: padec v luknjo. 
3 Slovensko: ujemi metulja. 




Slika 2: Vaja Reach to the Yellow Target, kjer mora uporabnik v dolo enem asovnem 
intervalu dose i pozicijo im ve jega tevila tar  (to ke so postavljene na zaslonu pod 
prikazanim asom). 
 
Predstavljeni sistem smo ocenili tako, da smo zasnovali tri merilne scenarije, ki 
so jih izvedli zdravi prostovoljci ter pacienti po mo ganski kapi. Naloge so sestavljene 
iz ravnih in kro nih gibov. Njihov cilj je im bolj e sledenje predstavljeni referen ni 
poti. Pri nalogi Follow the line5 mora uporabnik izvesti linearni gib, pri nalogi Follow 
the circle6 kro ni gib in pri nalogi Reach to the target7 ve  linearnih gibov v razli ne 
smeri. tudijo s skupino zdravih prostovoljcev je bila izvedena na Tehni ki univerzi 
Dunaj. tudijo s pacientoma smo opravili v Splo ni bolni nici Celje. Preden sta 
pacienta prvi  uporabila sistem, smo jima podrobneje predstavili in razlo ili delovanje 
sistema. Proti koncu meritev so se pri enem izmed pacientov rezultati bistveno 










5 Slovensko: sledi rti. 
6 Slovensko: sledi krogu. 
7 Slovensko: dosezi to ko. 
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jih je suvereno izvr eval sam brez pomo i. Ocenili smo uspe nost opravljenih 
scenarijev in primerjali rezultate skupine zdravih prostovoljcev in pacientov. Pokazali 
smo, da lahko tudi starej e osebe, ki trpijo posledice po kapi, usvojijo in uporabljajo 
predstavljeni sistem za namene rehabilitacije. tudija je pokazala primernost sistema 
za uporabo v pacientovem doma em okolju. 
 
Poglavitni cilj magistrske naloge je bil zasnovati sistem, katerega glavna 
prednost bi bila njegova (cenovna) dostopnost. Prednosti rehabilitacije v doma em 
okolju je ve , ena izmed njih se je pokazala tudi v asu pandemije COVID-19, ko je 
bilo obiskovanje zdravnika prakti no nemogo e, kar je mo no vplivalo na mnoge 
paciente in njihovo napredovanje ter okrevanje po kapi. Predstavljeni sistem za 
doma o rehabilitacijo temelji na pametnem telefonu, natan neje na aplikaciji. 
Aplikacija uporablja skrite funkcionalnosti mobilnih telefonov, kot so iroskop, 
pospe kometer in kamera. Zasnovali smo vaje, ki jih pacient lahko izvaja doma in z 
njimi razgibava razli ne dele zgornjih okon in  komolec, ramenski obro , zapestje 
ali pa vse od na tetega. Poleg tega so vaje zabavne, intenzivne in ponavljajo e se, kar 
je tudi v strokovni literaturi ozna eno kot pomembno pri vajah in rehabilitaciji po 
kapi [5]. Kot cilje pri magistrski nalogi smo si zastavili raziskovanje kapi, njenih 
u inkov in posledic, rehabilitacijo ter obstoje e aplikacije za rehabilitacijo 
(poglavji 1 2); oblikovati sistem za rehabilitacijo, ki bi bil primerljiv z e obstoje imi 
vrhunskimi sistemi, ki so na voljo le v rehabilitacijskih centrih in bolni nicah; razviti 
aplikacijo, ki bo merila pozicijo in orientacijo v 3D-prostoru ter posledi no omogo ila 
nov pristop k rehabilitaciji v doma em okolju (poglavje 3); celoten sistem ovrednotiti 
s pomo jo robota (poglavje 4); razviti vaje za paciente (poglavje 5); izvesti tudijo 
tako s prostovoljci kot pacienti (poglavje 6); predstaviti mo ne izbolj ave sistema in 





















A stroke is a global healthcare problem. Yearly, millions of people around the globe 
suffer from stroke and its consequences. Most post-stroke patients have 
upper extremity impairment. Several systems for upper limb rehabilitation exist on the 
market and with the advances in technology, new rehabilitation approaches were 
introduced, including some home-based rehabilitation tools. However, if post-stroke 
patients could use their smartphones as the means of rehabilitation, this could indicate 
a very accessible way to a better physiotherapy process in their home environment 
because a smartphone can be used as a motion tracking system. This thesis introduces 
a possible solution with the concept of a smartphone attached to a 3D printed handle, 
and a poster which serves as a reference for the phone s location tracking. The 
s stem s motion tracking performance as evaluated ith a robot and assessment tests 
were performed with healthy subjects and patients. The results show that the system is 
suitable for home-based rehabilitation. This thesis describes the stroke and its effect 
on people (Chapter 1), the development of an application and a motion tracking system 
that can be used for home rehabilitation (Chapter 2-3), evaluation of the measurements 
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A stroke is a global healthcare problem [1]. Worldwide, approximately 15 million 
people suffer a stroke each year [2]. It is considered the leading cause of acquired adult 
disability and the second or third most common cause of death. 
 
Several rehabilitation systems already exist on the market to help the people after 
stroke. From simple mind games intended to help retain memory to sophisticated 
robotic devices that can move even the most affected patient s extremities, countless 
possibilities for rehabilitation are available. However, since stroke affects so many 
people and the existing rehabilitation systems are expensive, the medical community 
would benefit immensely from a system that would be available to a more significant 
amount of affected people yet remain highly accurate and efficient. Since smartphones 
are becoming more and more inexpensive and practically everyone can afford them, it 
would be a waste not to consider them a potential solution in the gap between the 
available state of the art systems and affordable home-based rehabilitation systems.  
 
This thesis will try to overcome the economic chasm so that everyone could 
afford high-quality rehabilitation therapy sessions at home. It will consider the 
smartphone s unused potential, such as the fact that it can achieve sensor fusion, which 
an average person does not realize their smartphone can do. The proposed system 
would enable a person to reach in their pocket, take out the smartphone, and instead of 
making a call, use it as a professional rehabilitation system at home, but with the 
accuracy of professional systems commonly found only in rehabilitation centers. 
 
1.1 Stroke, types of stroke and how it occurs 
A stroke happens when the blood flow to the brain gets interrupted [3]. If the brain 
does not get enough blood and oxygen, brain cells die within minutes. This affects the 
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body part connected to the part of the damaged brain, and consequences can be 
irreversible. Stroke has cognitive, emotional and physical effects, which can also affect 
life quality. 
 
A stroke is a medical emergency that happens when cell death is caused by a 
lack of blood flow to the brain [4]. The main categories of stroke are hemorrhagic and 
ischemic stroke. Hemorrhagic stroke occurs when a blood vessel ruptures in or near 
the brain and causes blood to pool in that area. Ischemic stroke occurs when a blood 
clot blocks the artery for a short time. 
 
A blood clot is created when blood changes its state from liquid to semisolid, 
usually when a person gets injured. However, if a blood clot occurs inside one of the 
veins, it does not dissolve by itself. One of the consequences of a blood clot is a 
transient ischemic attack (TIA), also known as a mini-stroke because it lasts less than 
one or two hours. The symptoms of TIA can even last only a couple of minutes and 
the affected person must seek medical help immediately. The two main types of 
ischemic stroke are cerebral thrombosis, which is caused by a blood clot blocking the 
artery, and cerebral embolism, which is caused by a wandering blood clot somewhere 
else, usually in the heart or neck arteries.  
 
Another stroke type is hemorrhagic stroke, which occurs when a blood vessel 
ruptures in or near the brain. Subsequently, too much blood collects in the brain tissue, 
which is weakened or dead. Hemorrhagic stroke can also be divided into two types. 
Intracerebral hemorrhage is most often caused by aging blood vessels or chronically 
high blood pressure. It happens when a blood vessel ruptures in the tissue deep within 
the brain. The other type is called subarachnoid hemorrhage. It occurs when an 
aneurysm ruptures and bleeds near the brain s surface into the space between the brain 
and the skull. It is most often caused by high blood pressure, smoking, excessive 
alcohol intake, and the use of illegal drugs. 
 
Many patients survive the stroke, but they and their family members will suffer 
from post-stroke consequences [1]. The recovery consists of improving speech, 
cognitive, physical, and other functions [5]. Furthermore, most stroke survivors have 
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1.2 The consequences of stroke 
Stroke survivors may suffer from memory loss, difficulty following instructions, 
depression, ability to use and comprehend language. Furthermore, many families are 
worried about their financial future. Other consequences include vision issues that 
result in balance problems and possible injuries from falls. Many of the stroke 
survivors are unable to drive a car. Statistically, only half of the stroke survivors can 
return to work [6]. The effects of stroke depend on the location of the brain s damage 
and how much of its tissue has been damaged. The brain is divided into the left and 
right half. If the brain s left side has been affected, the paralysis of the  right side of 
the body will happen alongside speech and language problems, slower motor 
functions, and memory loss. If the brain s right side has been affected, the opposite 
side of the body will be impacted, but this person will also have some vision loss 
problems and will probably suffer from memory loss [7]. 
 
1.3  Rehabilitation after stroke 
 
The rehabilitation process is essential for patients after stroke. According to Chen et al. 
[5], two things should be considered as vital in the process. First of all, it is essential 
to determine how long one training session should last, and secondly, how frequently 
should the sessions be performed to get the most out of the rehabilitation. It has been 
proven that the first four weeks are crucial in improving the outcome of the 
rehabilitation. During this determining time, training should be intense and frequent 
[2].  
 
For motor functionality learning, task-specific and context-specific approaches 
are used. The training should target tasks and goals that are relevant to the patient s 
needs. The patient s rehabilitation is better when done in their own environment or 
context [1]. 
 
This thesis will focus on upper extremity rehabilitation. Kurillo, Goljar and Bajd 
researched cognitive-feedback training of hand function in patients after stroke 
because several signs have shown that patients can experience progress and that there 
are many beneficial effects from this type of training [8]. They used force tracking 
method and aimed to improve the ability of balance and release the grip. The results 
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from their study showed that cognitive feedback and repetitive motor performance in 
the tracking task might have beneficial effects on the process of rehabilitation. There 
is a wide range of assessment tools that can measure the rehabilitation outcome [9]. 
The assessment tests scale should capture all deficits, and it should be reliable and 
accurate [10]. 
 
Motor functions can be measured with Fugl-Meyer Assessment for Upper 
Extremity (FMA-UE) tests. FMA-UE includes 23 different movements and consists 
of four categories. In the first category, there are shoulder, elbow, and forearm. The 
second category includes wrist, the third hand and fingers, and the last one 
coordination. Each assessment is scored from 0 (inability to perform) to 2 (near-normal 
ability to perform). The continued rehabilitation process can be constructed after this 
initial assessment. 
 
Range of motion (ROM) is the ability to move the joints, both passively and 
actively [9]. The patient s ROM is decreased because of the reduced mobility and the 
presence of spasticity. With the Active Range of Motion (AROM) and Passive Range 
of Motion (PROM), we can determine whether the person s ROM is in the expected 
range. A physiotherapist supervises the evaluation of the ROM. The assessment 
duration can take between five minutes and up to half an hour [11]. 
 
At General Hospital Celje, Slovenia, the medical professionals use several 
different approaches when determining the stroke outcome scale. One of the 
approaches is called the Modified Rankin Scale. It covers the entire range of functional 
outcomes on a scale from 0 (no symptoms) to 6 (death). This assessment focuses on 
the patient s ability to perform daily tasks  the quality of life [12]. They also use a 
method called the National Institutes of Health Stroke Scale (NIHSS). NIHSS consists 
of 11 items that are scored from 0 to 4. The total score predicts the stroke outcome 
[10]. Another frequently used method is the Berg Balance Scale (BBS). BBS is an 
assessment test that determines the balance and risk for falls, with 14 items scored 
from 0 (inability to complete the task) to 4 (independent item completion) [13]. 
Finally, the outcome of the rehabilitation is measured with the Functional 
Independence Measure (FIM). FIM assesses functions in self-care, continence, 
mobility, transfer, communication, and cognition in the range from 1 (total assistance 
required) to 7 (complete independence) [14]. 
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After the assessment tests have been made, the physician prescribes the 
rehabilitation routine for the time in hospital. If the patient can follow the instructions, 
he or she can be eligible to go to the spa rehabilitation center for the period of two to 
three weeks or in a specialized rehabilitation center for two to three months. 
 
1.4  Goals of this thesis 
In this thesis, the home-based rehabilitation system for upper extremities will be 
introduced. The main advantage of the proposed system is its availability to anyone. 
The proposed system is a smartphone with an application developed in the Xcode 
programming environment. It uses the smartphone s internal sensors, such as 
gyroscope, accelerometer, and camera, to make the rehabilitation process more 
accessible. The application consists of multiple exercises. Each exercise will 
encourage the patient to exercise different parts of the arm. The games will be 
intensive, repetitive, and task-oriented. Post-stroke patients will be able to use this 
rehabilitation system in the rehabilitation process at home. The guided and fun 
exercises will encourage the patient to exercise more often, making the rehabilitation 
more effective. The patient will be able to exercise movements for shoulder, elbow, 
and wrist joints, or a combination of them all. 
 
For the evaluation of the system s position and orientation tracking performance, 
robot measurements will be conducted. The phone will be attached to the robot arm by 
a 3D printed part. During the measurements, both systems  the robot and the phone  
will acquire and transfer the data from their position and orientation to the computer. 
Post-processing of the gathered data will be done in order to evaluate the s stem s 
performance. After these measurements, the healthy subjects and patients will perform 
assessment tests where they will have to include both arms and move them in the space 
in order to follow different predefined trajectories displayed on the screen of the phone. 
Furthermore, the results from healthy subjects and patients will be analyzed, and a 









The goals for this thesis are: 
x to research stroke, rehabilitation, their effects on people, and existing 
post-stroke rehabilitation applications available on the internet, 
x to design a rehabilitation system that could be compared to the already 
available state of the art systems (comparable to those in rehabilitation centers 
and hospitals), 
x to develop a mobile application/system for tracking position and orientation in 
3D space in order to change the industry of home-based rehabilitation system,  
x to evaluate the s stem s performance with a robot, 
x to develop rehabilitation exercises and assessment scenarios, 
x to evaluate and compare the assessment tests with healthy subjects and patients,  


























2 Overview of existing home-based technologies for stroke 
rehabilitation 
 
With the advances in technology, new rehabilitation approaches were introduced, 
including some home-based rehabilitation tools. These tools may include the transfer 
of information about rehabilitation to medical professionals, which is helpful in many 
ways. Some of these systems have reduced hospitalization time and provided analyses 
of the patients  exercises and movements. However, home-based rehabilitation has 
some downsides. Addressing the patients  requirements is very difficult without 
medical professionals available on site. In addition, the tools for rehabilitation can also 
be costly and large. Several different technology systems that can be used for 
rehabilitation purposes emerged in recent years, such as games, virtual reality, tablets, 
telerehabilitation, robotic devices, and wearable sensors. 
 
2.1  Games 
The repetition of tasks by playing games showed that patients are more engaged and 
motivated [5]. Commercial games do not provide guidance or accurate measurement 
of the arm segments  position and movement. They are accessible and affordable, but 
they were not created for rehabilitation purposes. Some platforms use robotic devices 
or motion tracking systems to track and measure movements, such as Microsoft 
Kinect, Armeo Senso (Hocoma), Wii (Nintendo). Games with the sole purpose of 
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2.1.1  Virtual Reality 
Virtual reality provides a visual representation of a virtual environment in reality. 
Virtual reality can be presented with the virtual reality (VR) headset or any device with 
a screen. With this technology and the help of other systems, such as haptic devices, 
motion tracking systems, or other devices that measures movements, the patient can 
interact with the virtual world. With the right technology, the patient can also get force, 
visual, or sound feedback and see what is happening in the virtual world. Virtual reality 
is a safe and controlled environment, where patients do not need to worry about making 
mistakes. 
 
Krpi  et al. [15] state that balance training of patients after stroke is one of the 
primary physiotherapy tasks. Such tasks are performed by physiotherapists who have 
to follow predefined protocols. In their research, Krpi  et al. researched a haptic floor 
for interaction and diagnostics with goal-based tasks during virtual reality supported 
balance training. They tested the performance and stability of the closed-loop system 
of the haptic floor. They contrasted four healthy individuals to the postural responses 
of a patient after stroke, participating in a virtual reality supported balance training. 
They concluded that such a system identifies postural disorders during balance training 
and rehabilitation progress, which can be used outside rehabilitation centers and 
specialized clinics. Such a system could also be used for training and rehabilitation in 
the patient s home. 
 
Laver et al. [16] discussed 72 trials that involved 2470 participants in their 
studies and found out that the use of virtual reality and interactive video gaming did 
not prove to be more beneficial than the conventional therapy approaches in improving 
upper limb rehabilitation. However, combined with the conventional therapy, their 
results show that it increased each session s duration and improved the repeatability 
of the sessions. 
 
2.1.2 Tablets 
Personal computers and tablets, such as iPad, were mostly used to gather data from 
different devices/sensors. For example, an iPad was used to display information and 
instructions for drum playing [17]. The system required another set of devices  
electronic pads that were synced via WiFi with iPad and served as sound feedback. 
There are some barriers when it comes to the interaction between the patient and the 
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tablet. Post-stroke consequences, such as motor deficits or visual field loss, can 
aggravate the execution of this kind of exercise.  
 
2.1.3  Existing post-stroke rehabilitation applications for smartphones 
Mobile applications provide rehabilitation therapy for post-stroke patients with a 
phone or a tablet. The optimal process for the patient is to work with a healthcare 
professional. Sometimes, it can be financially overwhelming to do daily therapy with 
a medical professional. This is where mobile applications can serve as a good 
supporting tool. Daily therapy often brings the best results during stroke rehabilitation. 
Mobile applications are a tool that makes daily rehabilitation activities possible [18]. 
In this section, various existing applications will be presented. Some were intended for 
patients recovering after stroke and others were not, but they might still prove useful 
in the rehabilitation process after stroke.  
 
Elevate  is a brain training application designed to improve cognitive skills 
through a personalized training program that adjusts over time to boost performance. 
The user can choose from 35+ different games and train focus, memory, processing, 
math, precision, and comprehension [19]. 
Clock Yourself  application (Figure 2.1) was designed and developed by an 
Australian physiotherapist with the goal of making it affordable, fun, versatile, and 
portable. It has different challenges that stimulate the brain. Clock Yourself  is ideal 
for post-stroke rehabilitation patients who lack balance and coordination [20].  
Figure 2.1: Clock Yourself  application. 
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Calm  is a meditation application that helps post-stroke patients with sleep, 
depression, and anxiety. It features sleep stories, breathing programs, stretching 
exercises, and relaxing music [21]. 
 
Sometimes post-stroke patients have difficulties recognizing the side of 
different bod  parts. Recognise  application provides a a  to e ercise the perception 
of the side of the body. Using this application has been proven to reduce pain, improve 
performance, and assist in the rehabilitation process [22]. 
 
Lumosit  is a cognitive training program. It consists of more than 40 
exercises designed to exercise memory, attention, speed, flexibility, and problem-
solving. This application was not designed specifically for stroke recovery. However, 
many patients use it and benefit from it [23]. 
 
What s the Sa ing?  is an application that stimulates the brain by completing 
word puzzles. Even though it was not designed for post-stroke patients, it can improve 
their cognitive functions [24]. 
 
What s the Difference? Spot It  is another brain-stimulating application. The 
user must find small differences between the two photos. It challenges the user to think 
critically. With hundreds of photos in the application, the user takes a journey around 
the world. It was not designed specifically for the rehabilitation process, but it can 
stimulate the post-stroke patient's brain [25]. 
 
Constant Therap  is a speech therap  app designed for dementia and aphasia. 
It is intended for people who suffered a stroke and have speech, language, or cognitive 
disorders. This application was designed by scientists at Boston University and has 
won awards from the American Stroke Association (ASA) and the American 
Association of Retired Persons (AARP) [26]. 
 
Proloquo2Go  application (Figure 2.2) is suitable for stroke patients who lost 
the ability to talk. It provides the words for essential communication. People use 
between 200 to 400 words for essential communication. With this application, the user 
can grow and expand their vocabulary from single words to full sentences [27]. 
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2.2  Telerehabilitation 
Telerehabilitation provides patients with the ability to consult remotely with medical 
professionals via a videoconference or teleconference. This method of communication 
reduces hospitalization time and costs. Moreover, it enables the patients to conduct the 
rehabilitation process from home. Smartphones can be used for the means of 
telerehabilitation, where the patient can simply communicate with the medical 
professional via an application. However, telerehabilitation has its limitations. There 
is no physical interaction between patients and medical professionals, resulting in the 
faulty or incorrect performance of movements and exercises [28].  
 
2.3  Motion tracking systems 
Motion tracking systems enable better rehabilitation outcome at a lower cost [29]. The 
monitoring of the patient s movements during the rehabilitation process is a ver  
important part of the therapy. Based on this information, the medical professional can 
better assess the needs for the optimal rehabilitation process. These kinds of systems 
can be divided into various categories:  
 
x mechanical systems (e.g., Armeo Spring  Hocoma, Figure 2.3), 
x marker-less optical motion capture technologies (e.g., Microsoft Kinect), 
Figure 2.2: Proloquo2Go  application. 
12 Overview of existing home-based technologies for stroke rehabilitation 
 
x marker-based motion capture systems (e.g., Optotrak Certus), 
x robotic rehabilitation devices (e.g., Lokomat  Hocoma), and 
x wearable tracking systems, and many more. 
 
 
2.3.1  Marker-less optical motion capture technologies 
Motion detecting and tracking with a camera require calibration and complex 
algorithms, which can be time-consuming. The information about the scene of interest 
can be extracted with one or more cameras. Systems with only one camera use 
thresholding, region splitting/merging, morphological methods, statistical models, and 
others. These algorithms mostly use color information and can be transformed to 
grayscale (depending on the algorithm). The main problem with having one camera is 
illumination. When the scene of interest does not have enough light, the border 
between regions becomes blurry and the algorithms cannot give a reliable result. 
Multi-camera systems can extract more information than the system with only one 
camera. Two or more cameras give multiple images of the same scene but from 
different angles. The advantage of such a system is used for extracting depth 
information, which extends the scene understanding and segmentation. Even though 
Figure 2.3: Armeo Spring (Hocoma) is a mechanical device that helps the patient to 
use the remaining motor functions and exercise different movements. 
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the one-camera system acquires less information, it can still perform reliable motion 
detection for an object of interest.  
  
2.3.2  Marker-based motion capture systems  
A marker is an object that is visibly different from its surroundings and can be used 
for easier segmentation of the scene. These markers can be attached to any other object 
or person. Markers can be active (emitting light at a specific frequency) or passive 
(from simple colored dots to more complex structures). ArUco markers (Figure 2.4) 
are synthetic squares with a white matrix and a black background and can be used for 
the pose estimation. The system presented in this thesis uses a similar approach as 
ArUco markers for the pose estimation of a smartphone in the 3D space. The system 




2.3.3  Robotic rehabilitation devices 
In some cases, healthcare professionals use automated motor assistance  robots  to 
improve patients  range of motion of the whole arm, wrist, and hand. Mehrholz et al. 
[30] found out that electromechanical and robot-assisted arm training might improve 
arm function. Commercially available robots, such as HapticMaster (Moog FCS 
Robotics), Saebo Mobile Arm Support (Saebo), and Myomo mPower 1000 (Myomo) 
deliver force feedback and motion training, a wide variety of exercises, and 
Figure 2.4: ArUco marker is a synthetic square marker with a white matrix and a black 
background. 
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information about all of the above-listed parameters. The therapy intensity can be 
adjusted to serve the individual patient s needs and desired progress rate. Robotic 
devices usually take up much space and are costly, making them almost impossible to 
use for home rehabilitation. Furthermore, researchers have expressed safety concerns 
about the robots that can provide force feedback [5]. One of the most important things 
for the patient to learn during the rehabilitation process is to perform daily life tasks 
successfully. A study showed increased efficiency in pick-and-place daily life task 
when the patients were assisted by a robotic device (HapticMaster) [31]. These robots 
are perfect for the supervised therapy sessions but not for the use in the patient s home 
environment because they can deliver large forces and may be dangerous. 
 
2.3.4  Wearable sensors 
Wearable sensors are generally used as measurement devices that monitor patient s 
exercise movements while providing feedback. In addition to the motion sensors, 
physiological sensors are also available. They measure blood pressure, body 
temperature, pulse rate, respiratory rate, and more [5]. When there is no real help from 
the medical professionals available in the home environment, these sensors can prove 
advantageous [32]. They provide analytical feedback from the therapy process and the 
execution of the exercises that can later be used by a medical professional to determine 
the next steps and exercises in the rehabilitation process. Sensors used for home 
rehabilitation should be minimally invasive and accurate to deliver the proper feedback 
[32]. Furthermore, Novak et al. [33]  examined the usefulness of these kinds of sensors 
in combination with a biocooperative feedback loop (human-robot interaction). They 
found out that they are not reliable as the only source of data in motor rehabilitation. 
However, they can serve as additional information for a better evaluation of the task 
performance.  
 
2.4  Home-based motor rehabilitation 
A recent study by Chen et al. [28] found that home-based technologies can deliver the 
same quality and results as conventional therapies. Physical performance and the 
observed daily activities were improved [17], [34]. Balaam et al. discovered that 
patients demonstrated visible improvements in the shoulder, elbow, and finger control 
[34]. Patients also enhanced their cognitive abilities, such as concentration [35] and 
memory [17]. Furthermore, the study observed that home-based rehabilitation might 
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improve social interactions. One such example was a grandson who helped his 
grandmother with an exercise and then later on joined and played with her, which 
resulted in reduced loneliness and more frequent and longer rehabilitation sessions for 
the grandmother. This can be added as an additional benefit of the home rehabilitation 
exercises. Another prominent advantage of home-based systems is the flexibility of 
scheduling the session s time, which can be beneficial for many patients [34], [36]. 
 
Some rehabilitation systems take much space and cost a lot of money [34]. 
Moreover, several technical problems can arise during the rehabilitation, such as the 
configuration of the motion tracking system on the upper extremity [36], the procedure 
of shutting down the systems, recharging the battery [37], among others. Technical 
support should be provided along with the system. 
 
The main difference between the clinical environment and home environment is 
the medical professionals  presence that uses standardized approaches to guide and 
motivate patients in the rehabilitation process. The lack of physiotherapists  
professional help when patients are using home-based rehabilitation systems can result 
in inadequate execution of exercises and, consequently, the patient s reduced 
engagement and the slower progress of rehabilitation. Therefore, home-based 
rehabilitation systems need to consider the broader sense of the patients  home 
environment, social situation, and other. These challenges still require further thought 
and consideration. The home-based rehabilitation is expected to only become more 
frequent and common in the future. 
 
2.5  Design for engagement 
Home-based rehabilitation systems must be appropriately designed in order for 
patients to exercise regularly. For the best outcome of the rehabilitation, the exercises 
must be repetitive, engaging, challenging, and entertaining. Both external and internal 
motivation is required to achieve this [5]. Goal-setting is another vital component of 
determining a successful outcome of rehabilitation, as it is one of the primary elements 
in the process of rehabilitation of stroke patients. Bi ovi ar and Hermann [38] studied 
how rehabilitation team members set rehabilitation goals in patients after stroke, the 
use of assessment tools and the obstacles they encounter. They discovered that the lack 
of time and patient characteristics, such as disease, personality and expectations, were 
some of the most notable barriers in goal-setting. Consequently, it is crucial that 
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comprehensible guidelines and goal setting are clearly defined for successful stroke 
rehabilitation. 
 
Virtual reality and games are most commonly used as an external type of 
motivation because the games are repetitive and enjoyable. However, if the system is 
only designed by external motivation guidelines, the motivational effect might soon 
disappear. Therefore, internal motivation is also essential. Another approach to 
improving motivation is by implementing difficulty levels that can change over time 
and adapt to the patient s capabilities.  
 
A research study [35] presented different designs to meet the individual patient s 
needs. In one case, the patient liked reading. After suffering a stroke, she did not have 
reliable control of the grip. Balaam et al. [35] designed a system where the patient had 
a display in front of her with only one line of a book visible. When she read the line, 
she had to squeeze a device that was connected to the display. After doing so, the next 
line of the book showed up. This way, the patient was able to read a book and 
simultaneously exercise and improve her grip strength. She had to squeeze a device 
many times in order to read the whole book. This type of rehabilitation encourages the 
patient to exercise more frequently.  
 
The second example presented a patient who was driven by work. However, 
since the stroke, he could not work for the same amount of time as before. Moreover, 
he was not able to concentrate for more extended periods. He wanted to get in the same 
shape he was in before the stroke. The main challenge with this patient was to create 
a system that would encourage him to think and exercise grip strength. Because the 
patient liked to play chess, a simple system in the shape of two chess figures was 
designed. Inside, it included pressure sensors. A display was used for the visualization 
of the chess game. The patient could play a chess game and select different figures on 
display by squeezing the two figures in a different order. This resulted in the figures s 
movements on display and enabled the patient to gain better control over the shoulder, 
elbow, and fine finger movements. 
 
As mentioned, in addition to external motivation, another important aspect of 
motivation is internal motivation. It encourages patients to improve themselves. The 
main goal is to motivate a patient with his progress. When the patients reach a specific 
goal in the game, they can see their improvements. Nevertheless, it should not end 
there. The goals in the game should always be a little more demanding and challenging 
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than the patients  actual performance state because only then will the patients be forced 
to push themselves further and eventually have more progress. Over time, these 
systems may adapt the exercise s duration, intensity, and rehabilitation goals. 
 
However, sometimes external motivation can become internal. This means that 
the line between the two motivation types is not completely clear. Game developers 
and system designers should consider both when creating a system for a rehabilitation 
process [5]. 
 
2.6  Design for the home environment 
Home-based systems must be designed considering different factors. Both patients and 
caregivers must accept the system. It should not be too large since moving things 
around may cause tension between the patients and their family members and 
aggravate the frequency of the rehabilitation process. Another feature of the home-
based systems can be competition between the patient and family members. This 
reduces social isolation [39]. The most important consideration of the home-based 
rehabilitation systems is that the patients must be able to use the system independently 
without outside help. Good design and the much-needed technical support in the first 






















3   The proposed solution  smartphone 
The smartphone-based rehabilitation system, which uses motion tracking, presented in 
this thesis, is intended for home rehabilitation for patients after stroke who have 
restricted movement in the upper extremities.  
 
3.1  Smartphone as a motion tracking system 
Almost everyone owns a smartphone. If post-stroke patients could use their 
smartphones as the means of rehabilitation, this could indicate a very accessible way 
to a better physiotherapy process in their home environment. Smartphones have a lot 
of different functionalities. Not many people are aware that besides offering numerous 
applications, smartphones have inertial measurement units (IMU), consisting of a 
gyroscope, accelerometer, and magnetometer available for use. Even the phone s 
camera has hidden potential. Over the last few years, technology improved vastly. 
Machine vision has advanced and, consequently, the algorithms for image information 
extraction and scene understanding. This is why the phone s camera is a valuable piece 
of technology that can be beneficially used to achieve the goals of the thesis. In 
rehabilitation, IMU sensors are known as great measurement tools for the angular 
detection of joint movements. However, their angular accuracy is in the range of a few 
degrees. The proposed rehabilitation system is based on a smartphone and combines 
the best of both worlds: the information from IMU sensors and the camera. This is 
called sensor fusion. 
 
The system itself is a smartphone (in this case, an iPhone) with an application 
and a 3D printed handle for easier grasp. It uses the phone’s internal sensors, such as 
gyroscope, accelerometer, and camera, to make the rehabilitation process more 
accessible and entertaining. The application consists of multiple exercises. Each 
exercise encourages the patient to use different parts of the arm. The games are 
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intensive, repetitive, and task-oriented. The patient can exercise movements for 
shoulder, elbow, wrist, or even a combination of them all. 
 
Figure 3.1 summarizes how all parts of the proposed system are connected. On 
the left side of the figure, the camera and the IMU sensors demonstrate that they are 
part of the smartphone and can be used in the process of home rehabilitation. The 
patients position themselves comfortably above the poster and use the system. 
3.2  3D printed handle 
It is hard to hold a phone in hand and perform rehabilitation movements. 
Consequently, an additional 3D printed handle was developed. While designing the 
handle, a few concepts had to be taken into account, such as ergonomic design, scale 
and weight of the handle, multipurpose design for different executions of the tasks and 
Figure 3.1: IMU sensors and camera are both a part of a smartphone. For an easier 
grasp of the system, the phone is attached to the handle with a magnetic holder. The 
poster ith photographs of the patient s loved ones is a great e ternal motivation and 
combined with the phone and the handle, the innovative rehabilitation system is 
created (on the right side of the figure). 
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others. The subsequent significant point regarding the handle is how the phone will be 
attached to it. There are various possible solutions, but, at the time, the easiest and 
most elegant way was to do it with a magnetic holder. 
 
The handle is composed of three parts. The grasping part of the handle 
(Figure 3.2) can be used for exercises that are intended for wrist rehabilitation. The 




The sliding part of the handle (Figure 3.3) is used for exercises performed on 
the table s surface. This part serves as an e tension to the first part and is designed to 
slide smoothly on the surface. The attached furniture pad at the bottom enables easier 
movements. Both parts were printed with a 3D printer. 
Figure 3.2: The grasping part of the handle. 
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The phone is added to the handle with the help of a magnetic holder. The 
magnetic holder uses four strong magnets to attract metal objects. The phone s 
problem is that its internal sensors can be affected by such an external magnetic field. 
Therefore, a thin metal plate sticker is glued to the back of the phone s case. This metal 
plate serves as a protection for the internal sensors and enables a solid grip with the 
magnetic holder. The construction of the whole handle is shown in Figure 3.4. 
 
Figure 3.3: The sliding part of the handle. 
Figure 3.4: The assembled handle. 
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3.3  Image detection and location measurements 
The application gets the information about the phone s surroundings from the images 
it acquires. The camera s frame rate determines how fast the information is updated. 
The essential factor about the acquired information is its diversity. The captured image 
must be as diverse as possible. The reason for this demand lies in image processing 
and the extraction of information. The image processing on the phone works in the 
following order: 
 
1. the camera captures the image, 
2. the system applies different image processing operations (edge detection, 
corner detection, extracting the feature points), 
3. the system combines the image processing results with the internal motion 
sensors (accelerometer, gyroscope, magnetometer), also called sensor fusion, 
4. the required parameters are calculated, 
5. the parameters are used for matching the feature points and comparing the 
current image with the previously acquired image, 
6. the information about the phone s location is calculated and updated  now it 
is ready for use. 
7. camera s location information is stored in a 4x4 homogenous matrix (3.1), 
which contains the information about the position (𝒅3 1) and orientation 
(𝑹3 3) of the phone s camera. Present coordinate systems are shown in 
Figure 3.5. 
 
 𝑯 𝑹3 3 𝒅3 1𝟎1 3 1
 (3.1) 




This process reveals the importance of the diverse background that is captured in 
the camera. If the image is monotone, there is not enough information to calculate from 
the required parameters for robust location estimation. The sensor fusion relies mostly 
on the information gathered from the camera and cannot work only from internal 
sensors (the data is not reliable enough). For example, if the phone would run an 
augmented reality (AR) application focused on location tracking and the user would 
point it directly in a white wall, the world coordinate system (not necessarily seen in 
the view of the application) would drift away. The information about the location 
would become obsolete. The reason for the behavior from the described example is in 
monotone images captured in the camera frame while the phone was pointed in the 
white wall  not enough parameters means imperfect location estimation. Because of 
this potential problem, a poster will be introduced to aid the system. 
 
The patient can lose motivation during the rehabilitation process and does not 
continue with exercises. In these times, internal motivation must be increased. One 
way of doing this can be with such a poster. The poster can be simple, with various 
motives, but it can also be used to stimulate the patient s motivation. If this poster 
includes the images of the people the patient cares about and loves, the internal 
Figure 3.5: The symbolical representation of three coordinate systems that are used in 
the image detection algorithm. The first transformation is from the world coordinate 
system to the poster and the second one is from the poster coordinate system to the 
camera coordinate system. 
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motivation may increase. Subsequently, the exercises could be more frequently 
performed. The example of such a poster is presented in Figure 3.8. 
 
The process of initializing the system and preparing for an exercise that requires 
location tracking starts with the user assembling the handle. Then, the user sets the 
parameters (Figure 3.7 a). The AR session starts and requires an additional scanning 
of the environment (Figure 3.7 b). After that, the user must find the reference image 
on the poster with the phone's camera  it is displayed on the top left corner of the 
screen (Figure 3.7 c). When the image has been found, the world coordinate system 
initializes in the center of the image (Figure 3.7 d). In order for the user to see the 
avatar, the phone must be moved closer to the image (world coordinate system  Figure 
3.7 e). When the avatar appears on the screen, the user can start with the exercise. The 







Figure 3.6: Poster with photographs of the patient s loved ones. 







Place your hand on 
the poster and move 
it closer to the 
colored image in 
order to see your 
avatar on the screen. 
 
 
Place your hand on 
the poster and move 
it closer to the 
colored image in 
order to see your 
avatar on the screen. 
 
 
Find the image in 
front of you 
a) b) c) 
d) e) f) 
Figure 3.7: The system s work flow during preparation of the exercise (from a to f). 
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3.4  ARKit 
Apple has provided plenty of different frameworks developers can use. The framework 
is the code written in such a manner that the developer does not need to have in-depth 
knowledge. It provides classes, protocols, structures, and other that developers can use 
for programming their application. 
 
One of the frameworks is ARKit [40]. It is used to create augmented experience 
with the camera and motion features. The real magic , as stated by one of the Apple 
developers, is sensor fusion. Sensor fusion combines information from both the camera 
(scene capture and advanced scene understanding) and motion sensors. It is required 
for successful tracking of the phone s position and orientation in the 3D space. There 
is an immense possibility of building augmented experiences with this framework. 
 
The simple augmented reality app has four essential components: ARKit, 
ARView, the configuration of the session, and the ARAnchor. Firstly, it is necessary to 
create an ARView, which enables the AR experience. This is used to display and render 
2D and 3D objects into the real environment. To display the AR experience, ARView 
requires the session to start. The ARSession is an object that coordinates the major 
process of delivering and establishing the AR experience from the real-world to the 
phone s display. Before the session can be run, it also requires the configuration of the 
session. There are multiple configurations available for the developer to choose from, 
such as: 
 
- ARWorldTrackingConfiguration (tracks the device s position and orientation 
relative to any surfaces, people, or known images and objects that ARKit may 
find and track using the device s rear camera), 
- ARGeoTrackingConfiguration (uses GPS, the device s compass and map to 
track geographic locations of interest), 
- ARBodyTrackingConfiguration (enables tracking people, planes, and images 
using the device s rear camera), 
- ARObjectScanningConfiguration (uses the rear camera to collect high-fidelity 
data about specific objects you want the app to recognize later, at runtime), and 
others.  
 
Once the configuration is set, the AR session can start. The configuration can 
also be changed at any time during the session.  
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The main challenge will be to measure the position and the orientation of the 
phone in the 3D space. The AR scene is defined by an ARSCNView class, which 
enables the application to display the real-world environment with AR objects. This 
class provides a simple way to create an AR experience that uses a device camera view 
of the real world to render the 3D content on the screen. When the AR session starts, 
the AR scene will automatically render the video feed from the device camera as the 
background scene. The AR world coordinate system is established with the session s 
configuration. This feature enables the position and orientation tracking of different 






class ViewController: UIViewController { 
     
    @IBOutlet weak var ARView: ARSCNView! 
     
    let configuration = ARWorldTrackingConfiguration() 
 
    override func viewDidLoad() { 
        super.viewDidLoad() 
        initAR()            // Initialize the AR 
        createBoxNode()     // Create an instance of a box in  
 // the AR scene 
    } 
     
    func initAR() { 
        ARView.session.run(configuration, options: []) 
        ARView.debugOptions =  
[ARSCNDebugOptions.showFeaturePoints, 
                       ARSCNDebugOptions.showWorldOrigin] 
    } 
     
    func createBoxNode() { 
//        1. STEP: 
//        Initialize new object boxNode 
        let boxNode = SCNNode() 
//        2. STEP: 
//        The box will be 5x5x5 cm big with the 1 cm radius 
        boxNode.geometry = SCNBox(width: 0.05, 
                                  height: 0.05, 
                                  length: 0.05, 
                                  chamferRadius: 0.01) 
//        3. STEP: 
//        Color of the box will be black 
        boxNode.geometry?.firstMaterial?.diffuse.contents = 
UIColor.black 
//        4. STEP: 
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//        Box will be positioned at the center of the world  
//      coordinate system 
        boxNode.position = SCNVector3(0, 0, 0) 
//        5. STEP: 
//        Add boxNode to the ARView 
        ARView.scene.rootNode.addChildNode(boxNode) 
    } 
     
} 
 
The world coordinate system is initialized at the beginning of the AR session. 
This feature is important for location tracking. However, this alone is not enough for 
the required measurements. The phone must somehow get the information about its 
position and orientation with regards to the world coordinate system. Even if the phone 
can get the information about the location, the world coordinate system will (each time 
the session is restarted) be initialized with different position and orientation in 3D 
space. The solution for this problem is to set a reference image, import it into the 
program, and find it with the help of the ARKit. When the image is found, the world 
coordinate system is set to the center of this image. The phone can now get the 
information about its location in 3D space regarding the initialized world coordinate 
system. 
 
ARSCNViewDelegate is a protocol that enables the automatic synchronization of 
SceneKit content with an ARKit. UIViewController that holds the code for the exercise 
(in which the AR session is run) must extend this protocol in order for the ARView to 
be able to detect images, insert nodes, remove nodes, and much more. For the 
successful reference image detection, the method renderer(_:didAdd:for:) must be 
implemented.  
 
optional func renderer(_ renderer: SCNSceneRenderer,  
 didAdd node: SCNNode,  
 for anchor: ARAnchor) 
 
The code inside this method can only be programmed and executed if the added node s 
ARAnchor is an ARImageAnchor. An anchor is an instance that describes the location 
of the object of interest with position and orientation information. In this case, we need 
the ARImageAnchor because we are looking for an image. When the reference image 
is found, the world coordinate system moves to the origin of this image. 
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Now that the world coordinate system is set, another method that conforms to 
the SCNSceneRendererDelegate protocol is used for location tracking. This method is 
called renderer(_:updateAtTime:) and is executed 60 times per second  this is the 
camera frame rate. The camera frame rate tells us how many times the information 
about the phone s location can be extracted and used. In this method, the information 
about the phone s camera location is extracted and used later on. 
 
optional func renderer(_ renderer: SCNSceneRenderer,  
 didUpdate node: SCNNode,  
 for anchor: ARAnchor) 
 
3.5  Xcode 
The whole development and design of the application were done in the Xcode 
development environment. Xcode is Apple’s integrated development environment 
(IDE) used for building applications for all Apple products (iPhone, iPad, Mac, and 
Apple Watch). Within this environment, the developer can create an app, test and 
optimize it, and publish it to the App Store. Developers can test the applications with 
a simulator on a computer or an actual device. Xcode s interface consists of Toolbar, 
Navigation area, Editor area, Utility area, and Debug area. These areas are very critical 
in the process of application development.  
 
Toolbar (section (a) in Figure 3.8) is used to launch an application to the 
simulator or the actual device. It can also be used for profiling  measurements of the 
system performance and analysis of any leaks and bad practices.  
 
The navigation area (section (b) in Figure 3.8) is used to navigate through the 
system files. In this area, the application s architecture is defined. A developer can add 
or remove files and organize them in groups for more straightforward navigation 
through the system. The navigation area also serves as an issue navigator if the 
application runs into some errors. In case there are errors, they must be resolved in 
order for the app to build and run on a simulator or an actual device. 
 
The editor area (section (c) in Figure 3.8) is where the developer spends most of 
the time. This is the space to write the code for the application. 
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The utility area (section (d) in Figure 3.8) shows the selected object s properties 
that refer to some class. A class is a building block, which has properties and methods. 
For example, UIViewController is a class for the view presented on the screen. It is 
tasked with updating the vie s content, responding to user interactions, coordinating 
with other objects. This area is mainly used when developing an application s 
storyboard. The storyboard is a type of user interface file that embodies View 
Controllers and segues (transition from one View Controller to another). 
 
The debug area (section (e) in Figure 3.8) is used when a developer wants to 
debug the code and determine the errors and what caused a crash. It also shows the 
inputs and the outputs of the variables when the application is running. This feature 













Figure 3.8: Xcode interface. Toolbar (a), navigation area (b), editor area (c), utility 
area (d), debug area (e). 
(b) 





4  Evaluation of the system 
When designing and using a system, it is essential to know its limitations and 
capabilities. For the proposed rehabilitation system, the tolerable precision is in a 
centimeter range. It should be precise to such an extent that it would act on the 
movement and successfully present the patient s actions on the phone s screen. When 
performing the evaluation measurements, the reference measurement tool must 
perform better than the measured system. For this reason, the robot UR5e will be used 
for the evaluation of the proposed rehabilitation s stem s performance. 
 
4.1  Measurement protocol 
Four different types of measurements will be performed to evaluate the s stem s 
performance. The first type of measurement will determine the accuracy of the system 
in a steady state. The second type will show the performance of the system for a linear 
movement. The third and fourth will address the phone s position tracking during a 
rectangular movement. The robot s position data will be acquired with the TCP/IP 
protocol. 
 
The metrics that will be calculated for the linear movement are route mean 
square error (RMSE, (4.1)) and maximal error (𝑒 𝑥, (4.2)). 
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where 𝑥1, 𝑥2, … 𝑥𝑁  represent single measurements, 𝑥𝑟,1, 𝑥𝑟,2, … 𝑥𝑟,𝑁  the known 
values, and N the number of all measurements. Without reference values, RMSE 
cannot be calculated. 
 
Maximal error describes the maximal distance from the measurement point to 
the reference point and is calculated as: 
 
  
 𝑒 𝑥 𝑀𝐴𝑋 𝑥𝑖 𝑥𝑟,𝑖 ,           𝑖  1, 2 , …  𝑁, (4.2) 
 
 
where MAX is a function that returns the maximal value out of the set of all distance 
errors. 
 
For the rectangular measurement, the same series of measurements will be 
performed. Motion tracking repeatability (4.6) and accuracy (4.7) will be calculated. 
  
 The position repeatability (4.6) expresses the closeness of the multiple attained 
measurements  position to the robot s reference position. Distance between the point 
(𝑥𝑖, 𝑦𝑖) and average value (?̅?, 𝑦) is denoted as 𝑙𝑖. Symbol 𝑙 ̅describes a cluster of points 
and 𝑠 is a standard deviation. 
 
  
 𝑙𝑖 𝑥𝑖 ?̅? 2 𝑦𝑖 𝑦 2 (4.3) 
 











 𝑟 𝑙 3𝑠  (4.6) 
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The system s position accuracy in the plane is defined as a deviation between 
the reference position (𝑥𝑟, 𝑦𝑟) and the mean value of the attended positions when the 
end-effector approached the reference position in the same direction.  
 
 𝛥𝐿 ?̅? 𝑥𝑟 2 𝑦 𝑦𝑟 2  (4.7) 
 
4.2  Robot UR5e 
A collaborative robot is a robot that can collaborate with a human in the shared space 
safely. UR5e is a lightweight robot, suitable for medium-duty application for up to 
5 kg of payload. The robot system itself is composed of three main parts: robot arm, 
teach pendant, and control box. The teach pendant s design is user-friendly and 
suitable for use even for the people who have no previous robot experience. The robot 
has a force and torque sensors built in at the tip of its arm. This feature enables the 
robot to feel  its surroundings. In other words, the robot can detect collisions and 
safely act upon them. The movement of the robot is stopped after the forces and torques 
surpass a predefined threshold. While writing a program for this robot on the teach 
pendant, the user can move the robot with the touch on the right command on the teach 
pendant s screen. Another advantageous approach in programming this robot is using 
the freedrive button, which can be found on the teach pendant or on the robot itself. 
This button enables the user to move the robot in the space by hand. During this 
approach, the robot measures the forces and torques and translates this information 
into the movements. For evaluation purposes, we used this robot due to its easy 
programming and data gathering during the program s execution. 
 
Figure 4.1: Collaborative robot UR5e [41]. 
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The teach pendant (Figure 4.2) is a device that is connected to the robot s control 
box and is used for moving the robot and writing a program to control the robot step 
by step. The teach pendant can be used to set up the installation of the robot (coordinate 
system, tool center point configuration), set up the input and output signals, move the 
robot in different views (base coordinate system, tool coordinate system, robot 
coordinate system, and so on), write a program for the robot to execute, and for many 
other sophisticated features. 
 
4.3  Robot measurements 
The measurement environment consisted of the UR5e robot and its teach pendant, the 
additional 3D printed part, the poster with photographs, the phone with the application, 
and two computers. The 3D printed part was used as an adapter between the robot s 
hand and the phone. It was designed specifically for the iPhone 6 case, which is used 
in the measurement process. The whole setting of the measurement environment can 
be seen in Figure 4.3. 
 
Figure 4.2: UR5e robot s teach pendant [41]. 
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Figure 4.3: Measurement environment. The components of the measurement 
environment are marked on the figure as follows: (a) the robot, (b) the 3D printed part, 
(c) the poster, (d) the computer for acquisition of phone's position, and (e) the computer 
for acquisition of robot's position. 
 
4.3.1  The connection between the robot and the computer 
Before the measurements can begin, the connection between the robot and its computer 
needs to be established. For this purpose, the CommTest program is used. In this case, 
the type of connection for the data exchange is TCP/IP. TCP is a protocol that describes 
how the channels and communication in the network works, and the IP protocol 
ensures that the sent package will reach its final destination. Some parameters need to 
be set in order to establish communication: the baud rate (the rate of the transferred 
data in a communication channel), the remote IP (the IP of the robot), the remote port 
(the port on the robot s side), the local IP (the IP of the computer that ill receive the 
data from the robot), and the local port (the port on the computer s side). 
 
The connection must also be enabled on the robot s side in order for it to work. 
This can be achieved by writing the proper functions on the robot s teach pendant. The 
steps required are an enabled connection to the computer with a socket_open function. 
In the robot s programming environment, these steps look like the code written below. 
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IP ≔ "192.168.65.74" 
port ≔ 50000 
open ≔ socket_open(IP,port) 
Loop open ≟ False  
open ≔ socket_open(IP,port) 
 
 
All of these steps are required to establish a connection between the robot and 
the computer. Another important step is required before programming the robot s 
movements. The robot s coordinate system must be defined with regard to the poster 
with pictures on the table for easier post-processing of the data. The coordinate system 
can be defined with the three-point method (Figure 4.4). With this method, three points 
in the space are selected that define the new coordinate system. The first two selected 
points lie on the x-axes; the third point is used to define the plane. Equation (4.11) 
presents the transformation matrix that includes the new coordinate s stem s position 









‖ 𝑷𝟏−𝑷𝟎 𝑷𝟐−𝑷𝟎 ‖
  (4.9) 
 
 𝒚𝒘  𝒛𝒘  𝒙𝒘  (4.10) 
 
 𝑯  𝒙𝒘 𝒚𝒘 𝒛𝒘 𝑷𝟎0 0 0 1   (4.11) 
4.3  Robot measurements 39 
 
 
4.3.2  R b  g am 
The first step in the robot s program has alread  been discussed in the previous sub-
Chapter (4.3.1). The ne t step in the programming process as setting the robot s 
points and adding a movement type. Movement types can be linear movement, joint 
movement, and circular movement. The program is divided into three main parts. 
These are BeforeStart, Robot Program, and Thread_1. The following code presents 
the robot s program: 
 
 Program 
   BeforeStart 
     IP ≔ "192.168.65.74" 
     port ≔ 50000 
     open ≔ socket_open(IP,port) 
     Loop open ≟ False  
       open ≔ socket_open(IP,port) 
     MoveL 
   Robot Program 
     'MoveL' 
     Halt 
   Thread_1 
       Loop 2 times 
         tcp_pose ≔ get_actual_tcp_pose() 
         socket_send_line(tcp_pose[Loop_2]) 
       Wait: 0.5 
Figure 4.4: Defining a plane with a three-point method. 
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First, the BeforeStart section is executed. In this part of the program, the 
connection between the robot and the computer is established. The robot performs the 
initial movements before the data of any kind is sent to the computer via TCP/IP 
protocol. The next two sections, the Robot Program and the Thread_1, are run in 
parallel. The main reason behind this approach is that the robot will be moving as it 
should  without delays. Simultaneously, the program will send the data to the 
computer via the TCP/IP protocol.  
 
The Robot Program section does not contain any logic. It just has a simple 
movement function (e.g., MoveL), and when this movement is performed, the robot 
stops (with the Halt function, which stops the program).  
 
In the Thread_1 section, the data is sent to the computer. The robot s tool center 
point (TCP) is defined in 6 degrees of freedom (DOF). The first three DOF are the 
position of the TCP in the space. The last three DOF are the orientation of the TCP in 
the space. The evaluation measurements of the proposed rehabilitation system will 
only be performed in the geometrical plane parallel to the poster. This means that only 
two parameters are of interest for the post-processing of the data. These two parameters 
are the x and y position of the robot s TCP. The Thread_1 contains a loop function. 
This function executes the code inside itself two times because two parameters of 
interest are transferred to the computer. The first line in this loop function is used to 
get the data of all DOF of the TCP. The next line of code then sends the data of the 
robot s x or y position to the computer with the function socket_send_line(data). The 
parameter sent to the computer is selected with the number of the current iteration 
through the loop function. E.g., when the loop function is executed for the first time, 
the first parameter of the TCP (in this case, it is the position in x-axes) will be sent to 
the computer, and so on. After the loop function is done iterating through its code, the 
wait function is executed. The reason for this function is that the computer s log (where 
the gathered data is stored) is limited to 300 lines. This wait function needs to be 
implemented to get the whole robot s trajectory in the CommTest program s log. 
 
 
4.3.3  Steady state measurement 
The first performed measurement verified the position tracking performance in a 
steady state (Figure 4.5). All of the measured points were in the circle with a radius of 
0.21 mm. 





4.3.4  Linear movement measurements 
In the linear movement measurement, the robot performed a linear move. Multiple 
measurements for this movement were performed; however, only three will be shown, 
where two parameters varied. These parameters are the speed of the movement and the 
angle of the tilt of the phone.  
 
The first measurement was performed with the movement speed of 150 mm/s 
and 0 degrees tilt angle of the phone. The results in Figure 4.6 show that the robot s 
position (marked with ) was in the range of 0.07 mm throughout the movement 
and the phone s position (marked with o ) was in the range of 0.33 mm. The second 
measurement was performed with a slightly slower pace of 120 mm/s with 0 degrees 
tilt angle of the phone. The measurement results do not differ from the previous 
measurement. The last linear measurement presented in this thesis is the one with a 
slightly tilted phone. This means that the phone was not parallel to the poster/table, but 
Figure 4.5: Steady state measurements  ithout movements. The phone s position 
information was in the circle with a radius of 0.21 mm, with the center point 
(-0.02, 0.02). 
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was tilted for 30 degrees instead. Even though the phone was tilted, the performance 
at 120 mm/s did not drop. 
 
The calculated metrics for the phone s position measurements are shown in 
Table 4.1, and Table 4.2 shows the comparison of the calculated metrics between the 




Table 4.1: Phone s calculated metrics for linear measurements. 
Attempt RMSE (mm) 𝒆𝒎𝒂𝒙 (mm) 
1 0.0584 0.1732 
2 0.0641 0.2772 
3 0.0746 0.3274 
Average 0.0657 0.2592 
 








   
   
   





   
   
   
Figure 4.6: Linear movement measurements. The length of the linear movements was 
160 mm. Attempt 1: movement speed was 120 mm/s with 0 degrees of phone tilt angle. 
Attempt 2: movement speed was 150 mm/s with 0 degrees of phone tilt angle. 
Attempt 3: movement speed was 120 mm/s with a 30 degrees of phone tilt angle. The 
position measured with the smartphone during these three different measurements was 
in the range of 0.33 mm. 
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Table 4.2: Comparison of the phone s and robot s calculated metrics for linear 
measurements. 
 RMSE (mm) 𝒆𝒎𝒂𝒙 (mm) 
Phone 0.0657 0.2592 
Robot 0.0178 0.0646 
 
4.3.5  Rectangular movement measurements 
Aside from linear movements, other types of measurements were performed. These 
movements included sudden changes of direction. They consisted of a simple rectangle 
movement (Figure 4.7) and were performed with the same parameters (the speed of 
the robot s arm and the tilt of the phone 0 degrees). Therefore, we could calculate the 
repeatability (2.7 mm) and accuracy (1.3 mm)  Table 4.3. 
 
Table 4.3: Repeatability (4.6) accuracy (4.7) were calculated from three rectangular 
movements that were performed with the same parameters. 
Repeatability Accuracy 
2.7 mm 1.3 mm 
Figure 4.7: Rectangle movement measurements. Movement speed was 120 mm/s with 
0 degrees of phone tilt angle.  
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The final measurement was still in the shape of a rectangle, but it was performed 




IMU sensor-based motion tracking systems have an error in the range of a few 
degrees. An inexpensive camera-based motion tracking has an error in the range of a 
few centimeters. The solution to reduce these large errors is sensor fusion. The 
proposed system uses both IMU sensors and a camera to make a better estimation of 
its location in 3D space. Based on the performed linear measurements, this s stem s 
error is in the range of 0.33 mm. We were also able to calculate repeatability, which 
was 2.7 mm, and an accuracy, which was 1.3 mm, for the rectangular measurements. 
Therefore, this system is comparable to the state of the art motion tracking devices that 
are, because of their costs, used only in the laboratory environments. For example, 
Optotrak Certus is such a system with accuracy up to 0.1 mm. Other home-based 
systems (IMU, Microsoft Kinect etc.) do not enable this kind of accuracy and this is 
why the proposed system has an immense potential to change the home rehabilitation. 
The evaluation of this system with the robot demonstrates that this phone-based system 
is cost efficient and reliable. Consequently, it is very suitable for home use. However, 
for a more detailed evaluation of the s stem s performance, more measurements with 
different configurations should be performed. 
Figure 4.8: Rectangle movement measurements. Movement speed was 120 mm/s with 
0 degrees of phone tilt angle.  
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5  Training scenarios and assessment tests  
The application itself consists of four main parts. The first part is the screen where all 
available exercises are listed. Each exercise has a description that states what part of 
the arm will be active during the exercise. When the user taps on the exercise, the 
second part of the application is shown  tutorial. It shows the user if the assembly of 
the two parts of the handle is required, the main goal of the exercise and how to achieve 
it. The third part of the application is the screen, where all of the required parameters 
are set. These parameters vary from exercise to exercise. Possible parameters are the 
number of required points, the exercise duration, the range of the movements (work 
area), and the exercise s difficulty. The last part is the screen with the exercise 
displayed on it.  
 
5.1  Training scenarios 
When designing an exercise scenario, the first thing to keep in mind is what part of the 
arm it will be intended for. The next thing is the goal of the exercise. The exercises 
should be repetitive, engaging, difficult, fun, and designed to challenge the patient to 
make the rehabilitation process faster. For this thesis, in addition to the assessment 
test, four exercises will be introduced. Two of them are intended for wrist 
rehabilitation, one for the elbow, and the last one tries to combine all of the mentioned 
areas. 
 
5.1.1  Exercises for wrist rehabilitation  W i  Fle i  a d Fall I  
Two exercises for wrist rehabilitation, Wrist Fle ion  and Fall In , were designed. 
For the proper execution of these exercises, they both need the grasping part of the 
handle (Figure 5.1). They only use internal sensors (gyroscope and accelerometer). 
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These exercises can be performed wherever the user wants, and they do not require 
any specific setup. 
 
With the Wrist Fle ion  exercise, the patient performs the same action in the 
wrist part of the arm as it is while drinking water from a glass (daily activity). The 
game s design principle is very straightforward, and it can be seen in Figure 5.1. The 
avatar is the black dot on the screen that can be moved in only one axis (up and down) 
with the tilting of the phone. The goal of this exercise is to move the black dot up and 
down over the colored space to acquire a point. The number of gathered points is 
displayed in the middle of the screen. When the user reaches a certain amount of points 
(set before starting the exercise), the exercise is over. 
 
 
Fall In  exercise is slightly more advanced than the Wrist Fle ion  exercise 
because it uses the information about the tilt of the phone in two degrees of freedom. 
The avatar in this exercise is a blue dot that can be moved over the screen s whole area 
by tilting the phone. The goal is to move the blue dot to the hole where it can fall in. 
When this happens, the user gets the point, and the hole appears on another location 
on the screen. Then, the avatar must again be aligned with the hole to proceed to the 
next stage  a new hole. The number of required reached points is set at the beginning 
of the exercise. This exercise is similar to small maze toys that can be held in 
hand  the same movements are required to guide the ball to the exit. The design of 
the exercise can be seen in Figure 5.2. 
Figure 5.1: Wrist Fle ion  exercise. 




5.1.2  Exercise for elbow rehabilitation  Ca ch he B e fl   
Catch the Butterfl  e ercise is designed for elbo  rehabilitation (Figure 5.3). It 
mimics the flexion and extension of the elbow. This exercise uses internal sensors 
(gyroscope and accelerometer) and requires a simple setup. The user must sit at the 
table and place the hand ith the elbo  on it. The goal of Catch the Butterfl  
exercise is to catch the required number of butterflies. There is one butterfly on the 
screen that continually flies over its surface. The avatar is a net at the center of the 
screen, and it is used to catch the butterfly. The butterfly will, at some point, fly over 
the net to the center of the screen. This is when the user must perform flexion of the 
elbow in order for the net to become larger  hence, the butterfly will be caught (point 
added to the score). After that, the hand must be returned to its initial position on the 
table to catch another. When a certain amount of butterflies is caught in the net, the 
exercise is over. For a more intense use of this exercise, there is also the possibility to 
set the speed of the butterfl s fl ing. This parameter can be increased accordingl  to 
the users  capabilities.  
Figure 5.2: Fall In  exercise. 
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5.1.3  Exercise for the arm rehabilitation  Reach  he Yell  Ta ge  
Reach to the Yello  Target  (Figure 5.4) is the most complex exercise, both in 
software and execution views. This exercise is performed on the surface of the table. 
A special setup is required (Figure 5.5). The exercise uses a camera, which is why it 
also needs a poster with photographs on the table. The poster is used for the world 
coordinate system initialization (described in Chapter 3.2) and serves as a diverse 
background for easier location tracking. This exercise aims to reach the place of the 
target s vie  ith the movements of the s stem with hands. When the avatar reaches 
the target's location, the user gets a point. Reach to the Yello  Target  encourages 
the user to think about the movements and react as fast as possible when another target 
reappears on the screen. It is excellent for stimulating the brain and improving the 





Figure 5.3: Catch the Butterfl  e ercise. 
50 Training scenarios and assessment tests 
 
 
5.2  Assessment scenarios 
In this chapter, the developed assessment scenarios will be presented. These include 
linear and circular movements. The goal for these tests is to follow the predefined path 
as well as possible. 
 
5.2.1  Follow the line  
Follo  the line  is the test that requires the patient to perform the linear movement 
and follow the predefined line path as well as possible. Firstly, the user must perform 
the initialization of the tracking (as described in Chapter 3.2). After that, the goal is 
very straightforward. The user must move the arms away from the body in a straight 
path by following the reference path with the player s icon on the phone s screen, as 
shown in Figure 5.5. 
 
 
Figure 5.4: Reach to the Yello  Target  e ercise. The user must move the s stem 
over the poster in order to reach the target s position. The goal of this exercise is to 
reach as many targets as possible in a limited time frame. The higher the score, the 
better the performance. 
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5.2.2  Follow the circle 
The next assessment test is more advanced than Follo  the line . Firstly, the user 
must perform the initialization of the tracking (as described in Chapter 3.2). This test 
aims to perform a circular motion (the direction of movement can be arbitrary) and 
follow the reference path without any significant deviation in the shortest time frame 
possible. Figure 5.6 shows an example of this assessment test. 
Figure 5.5: Follo  the line  assessment test. The goal is to perform a linear movement. 
Figure 5.6: "Follow the circle" assessment test. 
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For the evaluation of the user s performance in the Follo  the line  and Follo  
the circle  assessment tests, the following metrics were calculated:  
 
1. route mean square error  RMSE (4.1),  
2. standard deviation  s (4.5),  
3. maximal error  𝑒 𝑥 (4.2) 
 
5.2.3  Reach to the target 
The last assessment test is the most complex of all. It requires more thinking, and it 
takes the longest to finish. Before the test can be performed, the user must execute the 
initialization of the tracking (as described in Chapter 3.2). The goal of this test is to 
reach the target where it appears. The targets are placed in a circle-like shape (8 targets 
in the circle). One target is placed in the center of the circle. The user starts at the 
central target and continues to the target on the outer part and then back to the center. 
The sequence is repeated eight times  the user goes to all outer targets and finishes at 




To evaluate the user s performance in the Reach to the target  assessment test, 
the following metrics were calculated:  
Figure 5.7: "Reach to the target" assessment test. 
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1. optimality (5.1),  
2. deviation (5.2),  
3. execution time. 
 
Optimality is a metric that compares the length of the reference line to the length 






where 𝐿𝑟 presents the length of the optimal path, and 𝐿  the patient s (or subject s) 
path performed from the center to the outer target s position. 
 
 Deviation is a metric that shows the maximal patient s displacement from the 
healthy person s movement path. This metrics is calculated as: 
  
 𝐷 𝑀𝐴𝑋 𝑥 ,𝑖 𝑥𝑟,𝑖 ,           𝑖  1, 2 …  𝑁,  (5.2) 
 
where 𝑥 ,1, 𝑥 ,2, . . . 𝑥 ,𝑁  are all patient s (or subject s) measurement values, 
𝑥𝑟,1, 𝑥𝑟,2, . . . 𝑥𝑟,𝑁  are reference values, and MAX is a function that returns the 
maximal value out of the set of all distance error values. Figure 5.8 shows the ideal 





Figure 5.8: Reference path compared to the patient s path. Deviation is denoted as the 





6   Healthy subjects and patients  assessment tests 
Assessment tests indicate how well the user, healthy or affected, can use the system. 
For this thesis, a group of healthy subjects and two patients were asked to perform the 
assessment tests and the exercises.  
 
6.1  Measurement protocol 
A group of healthy subjects performed the measurements at the Laboratory for 
Rehabilitation at the Technische Universit t Wien (TU Wien). Five people participated 
in this evaluation. Their mean age was 33 years. Firstly, each healthy subject needed 
to perform the Reach to the Yellow Target  in order to get familiar with the system. 
After that, three assessment tests were performed, each with three repetitions. The 
average duration of the session for each healthy subject was approximately 30 minutes. 
 
Assessment tests were also performed with two patients at the Celje General 
Hospital, Slovenia. The first patient, M, was an 82-year-old female. The second 
patient, J, was an 82-year-old male. Both suffered from different types of stroke. 
Before the measurements could be performed, the Ethics Commission of the Celje 
General Hospital had to approve the research. The documentation is available in the 
attachment A. The patients firstly needed to get acquainted with the system, the same 
as healthy subjects. Next, they performed the exercise Reach to the Yellow Target . 
Each of the patients performed three assessment tests with four repetitions. 
Unfortunately, patient J could not complete the last assessment test four times because 
he complained of shoulder pain. The session duration lasted 3 hours for patient M and 
1 hour for patient J. 
 
Everyone from these two groups had to perform three assessment tests multiple 
times. Follo  the line  with the 200 mm long straight movement, Follo  the circle  
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with the radius of 78 mm, and Reach to target  with movements in every direction 
(optimal path is 1.3 m). 
 
Before the beginning of the session, the layout of the system was implemented 
(Figure 6.1). It included: 
 
x a table and a chair, 
x a poster with photographs which was mounted on the table, 
x a 3D printed handle,  
x a phone, and 
x a computer. 
 
 
Figure 6.1: Patient during the e ecution of the e ercise Reach to the Yello  Target  
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6.2  Assessment tests with healthy subjects 
Some subjects performed very well, while others had problems with the relation of the 
movements of the system over the table s surface and the movements of the player 
object on the screen. For example, they thought that moving the system to the left side 
of the body would translate into moving the player object in the right direction on the 
screen. With practice, they got the feeling about the s stem s behavior. However, this 
mistake s effect will be seen in the assessment test Follo  the circle . In the 
beginning, all of the subjects performed the exercise Reach to the Yellow Target  
with a duration of 4 minutes (the same time frame as for the patients) in order to get 
familiar with the system.  
 
Healthy subject A was a 32-year-old female. At first, she had problems with the 
perception of the movements of the system and player object, but she quickly managed 
it and mastered the system. For the warmup, the subject performed the exercise Reach 
to the Yellow Target  and achieved the result of 429 points (number of reached 
targets). The assessment tests were executed without a problem. 
 
Healthy subject B was a 34-year-old male. The subject had no problems handling 
the system and reached 446 targets in the exercise Reach to the Yellow Target .  
 
Healthy subject C was a 33-year-old male. This subject had more problems with 
understanding the movements. He said that the reason might be that he is left-handed, 
but was forced to be right-handed when he was younger. The subject s score in Reach 
to the Yellow Target  was 303 points. He had the most problems with the execution 
of the assessment test Follo  the circle . Changes in the circular movement direction 
were causing him to lose control of the movement.  
 
Healthy subject D was a 35-year-old male. This subject also had small problems 
with the movement direction. However, after the first few minutes, he was able to 
navigate the system. His score from the exercise Reach to the Yellow Target  was 
411 points.  
 
Healthy subject E was a 32-year-old male. The subject had no problems with 
handling the system and reached a score of 452 at the exercise Reach to the Yellow 
Target .  
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The results from the test Follo  the line  are shown in Figure 6.2. They 
demonstrate that the healthy subject C stood out from the rest and had worse results. 
Figure 6.3 shows the results for the Follo  the circle  test and Figure 6.4 shows the 
results for Reach to the target  test. All figures show the deviation of the subject C s 
results from other participants. 
 
Figure 6.2: Follo  the line . The length of the movement as 200 mm. The figure 
presents all healthy subjects  attempts for this test. 
Figure 6.3: Follo  the circle . Circle radius as 78 mm. The figure presents all 
healthy subjects  attempts for this test. 
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6.3  Assessment tests with patients 
The description of the assessment sessions will include the fundamental information 
about the patient s stroke, rehabilitation process, current state, comments from the 
patient, and any notable observations made by the researcher during the session. In the 
end, the analysis of the obtained data will be presented. 
 
Patient M was an 82-years-old female. She suffered from a type of stroke called 
a subarachnoid hemorrhage, which means she had internal bleeding in the space 
between the brain and the skull. The patient suffers from a mild right-side hemiparesis. 
She can walk with minimum support on short distances, but she sometimes has 
difficulties following instructions. She also has epilepsy (a central nervous system 
disorder that can result in loss of awareness) [42], rhabdomyolysis (a life-threatening 
condition that causes muscle breakdown) [43], psoriasis (a skin disorder which results 
in red patches that can appear anywhere on the body) [44], and rosacea (a long-term 
skin condition that affects the face in most cases and results in pimples, swelling, and 
redness) [45]. 
 
Nevertheless, the patient was able to express herself clearly and was talkative. 
Before starting the tests, she warned the researcher that she had never used a 
Figure 6.4: Reach to the target  assessment test. The figure presents all health  
subjects  attempts for this test. 
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smartphone or a computer. The session began with the basic introduction of the system 
and a short demonstration by the researcher. Before the assessment tests were 
performed, the patient needed to warm up and explore how the system works. She 
started with the exercise Reach to the Yellow Target . 
 
Shortly after the start of the exercise, the researcher saw that she does not have 
a good feeling of how the system should work. She received hand guided and vocal 
instructions, which resulted in a slight improvement of the hand motion. However, 
further instructions and demonstrations were still required. The patient needed to 
repeat the movements with both hands after the researcher. Eventually, she got the 
feeling of how the movements with the system should be executed to achieve the 
desired motion. After that, she once again tried to perform the exercise. However, the 
improvements still were not enough for her to perform the exercise as necessary. Due 
to the stroke, the patient complained of sometimes forgetting which arm is left and 
right and had issues with the perception of which arm is currently being used. 
Therefore, the researcher realized it might help the patient to touch the arm she should 
be moving during the exercise. After an hour of initial training, where she got better 
acquainted with the system, the patient slowly moved the system and achieved the 
exercise s goals. After a break, the patient repeated the Reach to the Yellow Target  
exercise a few more times. The improvements were evident, and she was ready to do 
the assessment tests. 
 
 She started with the first assessment test  Follo  the line  (Figure 6.5, 
section a). Interestingly, the patient always struggled at the beginning, but after 
completing a half, she was able to finish quicker. There were some errors in the middle 
of the path, but overall, the patient managed to perform a good movement.  
 
Follo  the circle  is an exercise that is slightly more challenging. The patient 
had the same issues at the beginning as the ones described above. She struggled with 
the first few movements, but once she was through the half of the circle, the other half 
was swiftly filled in (Figure 6.6, section a). 
 
Reach to the target  is the most challenging exercise. The patient had problems 
following and reaching the target (Figure 6.7, section a). However, she found her way 
of executing the exercise. She did not follow the order but instead made her own order 
of when and where she would move the avatar on the screen. This did not result in the 
right path, but it gave valuable feedback about her movements. 
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The progress after the assessment tests were finished was significant. The patient 
improved in handling the system itself and had more control over the movements in 
only three hours. For example, when she tried the Reach to the Yellow Target  
exercise again, she performed exceptionally well. The exercise had a time limit of four 
minutes and at the beginning of the session, the patient gathered only 8, 12, 9, 16  
points. At the end of the session, the patient was able to gather 79 points. This clearly 
shows the visible improvement in the understanding of the system. It can be interpreted 
that even though the patient never used a computer or a smartphone, the system s 
design is easy to use. 
 
Patient J was an 82-year-old male. He suffered from an ischemic stroke on the 
right side of the brain. His stroke occurred only two days before the testing. The patient 
was able to walk by himself without any support. He suffers from heart arrhythmia 
(the electrical impulses which coordinate heartbeats do not work correctly and they 
cause periods of fast or slow beats) [46], benign prostatic hyperplasia (prostate gland 
enlargement is common for older men and may cause bladder, urinary tract or kidney 
problems) [47], high blood pressure (causes health problems, such as heart disease) 
[48], high cholesterol (the body needs cholesterol in order to build healthy cells, 
nevertheless too much of the cholesterol increases the risk of heart diseases) [49], and 
amyloidosis (abnormal protein amyloid builds up and interferes with the normal 
function of the organs) [50]. 
 
At first, the patient was introduced to the system and its functions. Immediately 
after the demonstration of the exercise Reach to the Yellow Target , he successfully 
achieved the required movements. His first score was 159, twice as much as the overall 
best score of the first patient. The second patient was very independent during the 
whole process. After a few trials, he was asked to comment on his experience with the 
system. He observed that the system is good for coordination and is neither too hard 
nor too easy. He noticed for himself that he saw the need for action, but his hands did 
not act on it instantly. He said that the system encourages the patient to decrease the 
time barrier and to achieve the reaction faster. 
 
The first assessment test he performed was Follo  the line  (Figure 6.5, 
section b). He did not have any problems. 
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The second test was Follo  the circle . The researcher observed that the patient 
moved his whole body, making it easier to finish the circle. When his posture was 
improved, he continued without any difficulties (Figure 6.6, section b).   
 
The last test, Reach to the target , was interrupted (Figure 6.7, section b). The 
patient had pain in the right shoulder and the tests had to end. He had only one attempt 
and the result was worse than in the previous tests. 
 
During the testing, the patient observed the setup, which he said was not optimal. 
Due to the inappropriate height of the table and the chair, he felt pain in the elbow area 
because he was sliding up and down with the arm over the edge of the table. At the 
beginning of the testing, he also informed the researcher that he had a job where he 
had many responsibilities and had to think a lot. This could be seen in his handling of 
the system. His reaction time was very short, even though he said that he had a delay 
between the visual and physical perception. Patients like this need to improve their 
cognitive and thinking skills to cope with daily challenges. 
 
 The comparison of the patients  results for Follo  the line  are shown in 
Figure 6.5, for Follow the circle  in Figure 6.6, and for Reach to the target  in 
Figure 6.7. In all of these figures, section a) presents the results for patient M and 




                
 
  
    
   
 
  




    
    
    
    
                
 
  
    
   
 
  




    
    
    
    
a) b) 
Figure 6.5: Follo  the line  test comparison bet een both patients. The mean value 
of RMSE for patient M (a) was 6.6 mm and the average time of execution was 24.6 s. 
Mean value of RMSE for patient J (b)  was 5.3 mm and the average time of execution 
was 5.0 s. 
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a) b) 
Figure 6.6: Follo  the circle  test comparison bet een both patients. Radius of the 
circle was 78 mm. Mean value of RMSE for the patient M (a) was 6.7 mm and an 
average time of execution was 32.7 s. Mean value of RMSE for the patient J (b) was 
7.9 mm and an average execution time was 21.0 s.  
Figure 6.7: Reach to the target  test comparison bet een both patients. Patient M (a) 
was able to perform this test very fast. Due to the shoulder pain, patient J (b) could not 
perform more than one attempt at this test. 
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6.4  C m a i  f he a ie  a d heal h  bjec  a e me  
tests 
All of the participants performed the exercise Reach to the Yellow Target  to better 
understand the system before starting with the assessment tests. The duration of the 
exercise was limited to 4 minutes. It is clearly visible from Figure 6.8 that at the 
beginning, the healthy subjects managed to use the system better than patients. 
 
 
The following comparison of the patients  and healthy subjects  results from the 
exercises Follo  the line  (Table 6.1, Table 6.2, and Figure 6.9) and Follo  the 
circle  (Table 6.3, Table 6.4, and Figure 6.10) demonstrate the difference between the 
tested groups. The third healthy subject was not included in the comparison because 
he performed worse than both patients (except for the execution time). This indicates 
that not all healthy subjects have the skills to perform exercise flawlessly. On the one 
hand, the healthy subjects had only 30 minutes to complete all required assessment 
tests. On the other hand, the patients had 3 hours (the first patient) and 1 hour (the 
second patient) to perform the tests and get to know the system. A longer session could 




       
                        
 
   
   
   
   











Figure 6.8: Comparison of both groups for the exercise Reach to the Yellow Target . 
The exercise had a time limit of 4 minutes with a 300 by 300 mm working area. As 
expected, the patients achieved a much lower score than all the healthy subjects even 
though they had more repetitions. 
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(mm) s (mm) 𝒆𝒎𝒂𝒙 (mm) Time (s) 
A 
1 1.1 1.5 2.6 5.0 
2 0.9 0.9 2.1 1.8 
3 0.6 0.7 1.7 2.1 
B 
1 0.9 1.3 2.1 7.8 
2 1.7 2.3 5.4 9.4 
3 0.5 0.7 2.3 6.5 
C 
1 5.7 8.0 17.4 5.4 
2 7.0 9.9 25.8 6.1 
D 
1 0.9 1.3 2.7 13.8 
2 3.3 3.9 7.9 3.9 
3 1.3 0.7 3.8 3.9 
E 
1 1.0 1.3 2.7 6.8 
2 0.6 0.9 2.4 5.8 
3 0.3 0.5 1.3 4.7 
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Table 6.2: Patients: calculated metrics for the Follo  the line  assessment test. 
Patient Attempt RMSE (mm) s (mm) 𝒆𝒎𝒂𝒙 (mm) Time (s) 
M. 
1 7.7 10.6 33.8 25.1 
2 6.2 8.7 26.0 33.8 
3 2.6 3.7 7.4 16.7 
4 9.8 11.2 43.9 22.6 
J. 
1 3.3 3.6 9.1 6.6 
2 12.7 13.6 38.4 4.4 
3 3.3 3.7 10.0 4.5 
4 4.7 6.3 14.4 4.3 
Average 6.3 7.7 22.9 14.8 
 






















































Figure 6.9: Comparison of both groups for the test Follo  the line . Section a) shows 
the comparison for RMSE, section b) comparison for standard deviation, section c) 
comparison for maximal error and section d) comparison for execution time. 
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The presented results for Follo  the line  sho  that there is a correlation 
between execution time and other metrics. The faster the execution time, the better the 
result. Patient J performed better than patient M in all of the calculated metrics. His 
execution time was always close to the execution time of a healthy subject. However, 
other results for the calculated metrics were still not comparable to the healthy 
subjects  results. 
 






(mm) s (mm) 𝒆𝒎𝒂𝒙 (mm) Time (s) 
A 
1 3.4 2.7 10.9 13.9 
2 3.8 2.0 8.5 11.2 
3 3.1 2.4 10.1 8.3 
B 
1 2.8 2.3 10.6 30.3 
2 4.3 3.2 13.9 14.2 
3 2.9 2.7 10.0 16.0 
C 
1 6.1 5.0 20.9 18.6 
2 6.8 5.8 25.5 14.8 
D 
1 8.0 6.2 24.2 21.5 
2 2.8 2.2 7.4 22.9 
3 2.5 2.0 8.1 20.1 
E 
1 3.4 2.9 10.9 15.7 
2 2.5 1.7 6.4 13.8 
3 2.2 1.7 6.9 13.2 
Average 3.9 3.1 12.5 16.8 
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Table 6.4: Patients: calculated metrics for the Follo  the circle  assessment test. 
Patient Attempt RMSE (mm) s (mm) 𝒆𝒎𝒂𝒙 (mm) Time (s) 
M 
1 7.1 6.2 23.0 28.4 
2 4.8 4.3 16.8 22.4 
3 3.3 3.0 15.3 40.9 
4 11.4 10.4 47.6 39.0 
J 
1 7.6 6.7 27.9 17.7 
2 10.4 8.5 34.7 19.5 
3 7.4 6.4 21.2 25.3 
4 6.0 4.9 20.7 21.3 
Average 7.3 6.3 25.9 26.8 
 

























































Figure 6.10: Comparison of both groups for the test Follo  the circle . Section a) 
shows the comparison for RMSE, section b) comparison for standard deviation, 
section c) comparison for maximal error and section d) comparison for execution time. 
6.4  Comparison of the patients  and health  subjects  assessment tests 69 
 
The presented results for Follo  the circle  sho  a performance drop of 
patient J. Patient M was able to complete a nice circle. She always struggled at the start 
of the test, but when she completed one-third of the circle, the other two-thirds were 
executed smoothly without any significant issues. For example, the patient s RMSE at 
the Follo  the line  as si  times bigger than the RMSE of healthy subjects. 
Meanwhile, the patient s RMSE was now only twice as big as the RMSE healthy 
subjects. Ho ever, Follo  the circle  is harder to e ecute and the deviation from the 
reference path as bigger than the deviation in the Follo  the line  for all 
participants. 
 
The comparison of the results for the Reach to the target  is shown in Table 6.5. 
The results show each participant s first attempt at this assessment test, where they 
needed to perform 16 linear movements in different directions (in a star-like shape). 
We calculated length, optimality, and deviation for each linear movement and 
presented the metrics  mean results in Table 6.5. 
 
 
Table 6.5: The results are calculated for each participant s first attempt at the Reach 
to the target . The table presents mean values of the length, optimality, deviation, and 
time of execution of this attempt. The length of the reference path was 78 mm. All of 
the participants performed well, except of patient J. Due to shoulder pain, he was able 
to only have one attempt at the test. 
  Length (mm) O (0-1) D (mm) Time (s) 
Patient M 104.9 0.8 11.4 36.6 
Patient J 138.6 0.6 16.6 75.8 
Subject A 85.9 0.9 4.8 32.5 
Subject B 83.9 0.9 2.7 26.8 
Subject C 91.2 0.9 7.6 32.5 
Subject D 84.0 1.0 2.7 21.6 
Subject E 83.9 1.0 4.1 17.4 
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The results from the healthy subjects were expectedly better than the patient  
results. Normally, it takes a few minutes in order for a healthy subject to know how to 
use the system but subject C could not use it as good as other subjects. However, the 
results from the last assessment test show that he managed to understand how the 
system works. Patient J performed better in the Follo  the line  and Follo  the 
circle  tests than patient M. At the end of the session the patient J s results were not as 
good as before (in comparison with the patient M) due to his shoulder pain. An 
interesting observation was the improvement of the patient M during the whole 
session. At the beginning, she could stay completely still for thirty seconds, not 
knowing how to use the system. At the end, she surpassed the patient M and got close 
to the healthy subjects  results. She executed the Reach to the Yellow Target  test 
with autonomy and her improvement was noticeable. Further sessions would probably 
improve the performance of all participants. Overall, the patients were satisfied with 





7 Future work and upgrades 
As it is always the case, every idea, concept, program, or system can be improved. The 
home-based rehabilitation system presented in this thesis is not an exception. The 
fields for potential upgrades are:  
 
x the design of the handle,  
x additional hardware for different rehabilitation approaches,  
x the exercises, 
x the on-phone analysis,  
x communication with the medical professional, and 
x a cross-platform solution. 
 
Many of these potential upgrades were inspired by the Bimeo PRO product 
designed by Kinestica d.o.o. It is a sensor-based rehabilitation system for post-stroke 
and other neurological patients  [51].  
 
7.1  Design of the handle 
The design of the handle could be improved. This was noticed during the 
measurements with the patients and healthy subjects. Patients struggled to get a proper 
grip around the lower part of the handle (Figure 3.3) because of its straight vertical 
shape. The better option would be to make a rounded part that would be ergonomically 
designed for better adjustments of the hands as shown in Figure 7.1. 
 
72 Future work and upgrades 
 
 
The handle should also have stripes for better attachment of the handle to the 
hand. This kind of design was already introduced with the Bimeo PRO product, and it 
was proven to perform better. 
 
7.2  Additional hardware 
Currently, the proposed rehabilitation system consists of a phone, a two-part handle, 
and a poster with photographs. Several different parts could be added in order to make 
exercises even more diverse. For example, another part, such as shown in Figure 7.2, 
could introduce an additional variety of wrist rehabilitation.  
 
Figure 7.1: Bimeo PRO  rounded design [51]. 
Figure 7.2: Bimeo PRO  accessory [51]. 
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Additional hardware could be added for reading, such as the one designed by 
Balaam et al. [35]. This approach was already discussed in Chapter 2.5 and it would 
help the patient improve the strength of the grip while reading the novel displayed on 
the phone s screen. There are many possible hardware upgrades, but this thesis s goal 
was to make the system as simple as possible while still useful and convenient. 
 
7.3  More exercises 
Performing the same exercises, again and again, can become tiring and uninteresting 
for the patients. Hence, motor performance may decrease. This is why more exercises 
with different goals need to be added to the application. Another critical feature that 
still needs to be implemented is the automatic adjustment of the difficulty of the 
exercises (e.g., the size of the working area could be automatically adjusted based on 
the patient s capabilities). 
 
Aside from physical exercises, the overview of the existing rehabilitation mobile 
applications showed that they often focus on improving cognitive skills (brain training, 
reading understanding, memory games, and similar). These types of exercises would 
increase the value of the proposed rehabilitation system. 
 
7.4  On-phone analysis 
Another great feature of the application would be an analysis of performance in the 
exercise. A simple scoreboard would be a good addition to the application. It does not 
seem like a significant improvement, but it can motivate the patient to go beyond the 
limits and perform better. Aside from that, other indicators of the performance could 
also be beneficial. Further research is required to determine what indicators could and 
should be presented to the patient. This is very important because too much displayed 
information can confuse the patient and decrease its purpose.  
 
7.5  Communication with the medical professional 
Even though the proposed rehabilitation system is beneficial by itself, professional 
help during rehabilitation is still crucial and needed.  
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As it was especially accentuated in the current COVID-19 crisis, there will be a 
high demand for home-based rehabilitation. Since the long term impacts of 
consequences caused by COVID-19 are not yet fully understood, having a home-based 
rehabilitation system would have aided many patients who were unable to reach their 
physiotherapists. 
 
An additional feature of the proposed rehabilitation system could be an online 
communication tool. In this section of the application, the patient could be in touch 
with the medical professional, who would also get the performance data from the 
patient s execution of the exercises. This way, the physiotherapist could assign new 
exercises, change the duration of each session accordingly, and monitor the patient s 
improvements. This could be a valuable addition to the application.  
 
7.6  Cross-platform solution 
Apple s iPhone is not the only smartphone on the market. If this rehabilitation system 
intends to be available for all phones and people, the application should be at least 
designed for both iOS and Android. One of the possible solutions for this is Google s 
ARCore product [52]. Some of the Application Programming Interfaces (APIs) of the 
ARCore are available for iOS and Android platforms, but mostly for Android. 


















This thesis s goals were to thoroughly research stroke, the rehabilitation process, its 
effects on people, and the existing home-based rehabilitation systems. Furthermore, 
the goal was to design a phone-based rehabilitation system for upper extremities, 
evaluate its performance, and use the system with the patients. Chen et al. [5] pointed 
out the benefits of home-based rehabilitation and stated that this kind of rehabilitation 
offers a quality equivalent to conventional approaches. The main things to consider 
while designing a home-based rehabilitation system are the system s size, the 
complexity of the system setup and technical problems the users might encounter, the 
design of games (external and internal motivation), and the continuous correspondence 
with a medical professional.  
 
An innovative home-based rehabilitation system was presented in this thesis. It 
consists of a smartphone, an application, a handle, and a poster that includes 
photographs of the patient s loved ones. Even though the phone is easy to hold in a 
hand, the phone itself is not an optimal design for the execution of the required 
rehabilitation exercises. Therefore, a 3D printed handle was made for this purpose. It 
is ergonomically designed and consists of two parts, which serve for different types of 
exercises. 
 
A thorough understanding of the Xcode programming environment was required 
to build the iOS application for rehabilitation purposes. Apple s ARKit s components 
and methods were implemented to perform location tracking. The phone uses and 
combines the information from internal sensors and camera. This process is called 
sensor fusion and it enables a complex understanding of the environment in which the 




Evaluation measurements of the system s performance were performed with a 
robot. The results showed that the phone s information extraction regarding its location 
in the 3D space was sufficient for the means of this rehabilitation system.  
 
The assessment tests were performed with two patients in Celje General 
Hospital, Slovenia, and five healthy subjects at the Laboratory for Rehabilitation, TU 
Wien, Austria. They showed the patients  and healthy subjects  ability to manage the 
system. Before the patients could use the presented system in the home environment, 
at least one session with the medical professional is suggested. In this session, the 
patients would get to know the system and how to use it. The duration of this session 
depends on the patient s situation. After the initial session, the patients should be able 
to continue the rehabilitation at home. A medical professional should constantly be in 
a contact with the patient and change the rehabilitation guidelines according to the 
patient s past performances of the exercises and assessment tests. 
 
However, further work is required to improve the existing system. First, the 
handle s design should be modified and perfected to fit the patient s hand better. The 
development of the additional equipment would introduce different options for the 
executions of exercises. At the moment, there are only four different exercises and 
three assessment tests. In the future, more exercises could increase the usefulness of 
the product. Further exercises based on improving cognitive skills could be added. 
That would also increase the value of the product. Moreover, the patient should not 
lose the motivation for rehabilitation; therefore, providing an on-phone analysis would 
help keep and increase the motivation. The patient could compare the present results 
with past results and try to surpass them. The vital feature that needs to be added to 
the system is online communication with a medical professional. Lastly, a cross-
platform solution, covering Android and iOS, is required. This way, the system would 
be available to almost every post-stroke patient. 
 
The presented home-based rehabilitation system was designed with the goal of 
being available to as many people as possible. With this in mind, the smartphone 
seemed a perfect match. Since almost everyone owns a smartphone, the proposed 
solution could be easily obtained by downloading an application and a few accessories. 
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